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Pore volume compressibility is used in many engineering calculations such as
estimating the volume of oil initially in a reservoir, predicting the amount of oil recovery,
and calculating subsidence and compaction. This research focused on the pore
compressibility for consolidated and unconsolidated sand using uniaxial test data (varying
the pore pressure and/or axial stress) and triaxial test data (varying the vertical and lateral
stress independently).
The objective of this research was to determine if a correlation exists between
pore volume compressibility and other rock parameters so that pore compressibility can
be predicted with minimum laboratory measurements. In addition, methods to smooth
inconsistency in compressibility data were investigated. Investigated parameters include
permeability, porosity, pore pressure, overburden pressure and amount of consolidation.
Four empirical methods were studied in the analysis of pore compressibility and
compared with Jones' (1988) method for fifteen consolidated samples and thirteen
unconsolidated samples. Two methods are used to predict pore compressibility, one of
which requires an initial value of pore compressibility and three porosity values with
stress. The other method requires a good correlation between porosity and stress with as
few as two porosity values. Two methods are used to smooth inconsistency in
compressibility measurements. One method correlates porosity and stress with the
cumulative compressibility, and one correlates porosity-permeability and stress with the
cumulative compressibility.
Ill
Compressibility predictions of unconsolidated samples are more sensitive at high
values of stress and failed to work for some of the methods. The predictions for the
highly consolidated samples had a better agreement with the actual measured data.
Smoothing compressibility data for all samples was good; however, some methods
showed better agreement than others. When porosity and stress were used to predict pore
compressibility, the results were in good agreement for all samples.
It is recommended to carry on the investigation of another method that involves
the prediction of compressibility from porosity, permeability, stress, and flow rate. Due
to the lack of data, this method was not included as a part of this thesis. Data available
from only three consolidated samples proved such a correlation might exist.
In addition, a correlation between Poisson's ratio and stress was developed for
fifteen unconsolidated samples. This correlation can be used to convert lab data to
reservoir conditions properly. It is recommended to further investigate if such correlation
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"Pore volume compressibility is the measure of the change in pore space which
occurs when the rock is stressed and is related to both the physical properties and spatial
arrangements of the constituent minerals" (Anderson, 1985). The production of
hydrocarbons from a reservoir results in a reduction of pore pressure causing the rock to
compact.
Compressibility can be measured in the laboratory under hydrostatic, uniaxial or
triaxial test conditions, depending on the data requirements. A hydrostatic test, where
three principal stresses are all equal, is rapid, but the results could be twice as much as
imder reservoir stress conditions. In uniaxial and triaxial loading, the vertical and lateral
stresses are different. The imiaxial test measures the axial deformation while preventing
the lateral deformation of the sample. The triaxial test measures the axial and lateral
deformations of the sample. Both tests, uniaxial and triaxial, are more representative of
reservoir conditions than the hydrostatic tests but they are costly and time consiuning.
Porosity, permeability, compressibility, and many other rock properties can be
obtained from laboratory core analysis. Both conventional and special core analyses
frimish valuable information to the subsurface geologist and engineer. Prior to any
request for core analysis, it is necessary to determine the objectives of the study. Once
the intervals of interest are determined, core properties must be measured and interpreted.
Correlations between core data and log data will maximize the evaluation and
interpretation of the study.
Laboratory measurements of rock properties are not always smooth and
consistent Measuring pore compressibility can take several hours or days. In addition,
experiments are costly. Predicting pore compressibility data from minimum laboratory
measurements, finding ways to avoid laboratory measurements, and smoothing laboratory
data systematically are the goals of this thesis.
This thesis is a study of fifteen consolidated samples tested under uniaxial test
conditions and thirteen unconsolidated samples tested under triaxial conditions. Five
consolidated samples with high clay content were taken from 8,000-12,000 feet. In the
laboratory, axial (ram) stress was presented by 5,800 psi. Ten consolidated samples with
lower clay content and friable samples were taken from two reservoirs at 2,000-8,000
feet. In the laboratory, axial (ram) stress was presented by 10,000 psi. Two types of
triaxial tests were used for the unconsolidated sand samples. Pore pressure and confining
stress were varied while axial (ram) stress was kept constant, or pore pressure was kept
constant while increasing axial stress. Samples were taken from 14,000-17,300 foot
intervals and tested with reservoir pressure of 11,400 psi.
Four methods were used for the analysis of the study and compared with Jones'
method. Two methods are used to predict pore compressibility: Method 1 requires initial
compressibility data with a good correlation between stress and porosity, and Method 2
requires good correlation between porosity and stress. Since some samples experienced
inconsistency in laboratory measurements, there was a need to smooth compressibility
data systematically. Two methods were developed to smooth pore volume
compressibility with correlations between porosity, permeability, stress, and three data
points of compressibility. Method 3 relates pore void ratio to the cumulative pore
compressibility with a straight line equation. With as few as three porosity and
compressibility points at different stresses a straight line equation can be generated to
smooth and predict compressibility data at higher stress. Method 4 related porosity and
permeability to pore compressibility with a power law equation. The power law equation
can smooth compressibility and predict values at higher stress. Jones (1985) has
developed an equation to predict pore compressibility from two-pore volume data at
different stress. Jones' method was used for all samples, consolidated and
unconsolidated, to compare its results with the newly developed methods. Illustrations
for all methods used to predict and smooth compressibility data are explained in Chapter
3. Discussion of results for the five methods, along with Jones' method, are included to
show the validity of each method. Sample calculations for all methods are also included
in Appendix D.
In addition, a correlation was found between Poisson's ratio and applied net
radial and axial stress for fifteen imconsolidated sand samples. This correlation is usefvil
when converting laboratory data to reservoir conditions. The correlation, however, was
not included as a part of this thesis due to the lack of data, but a detailed explanation and
examples are included in Chapter 7.
A section on core analysis is presented because improper preparation and handling
of core samples may have an effect on laboratory measurements. Understanding the
effects of stress on rock properties is included as another section to show how different
stress conditions can alter the results of pore volume compressibility calculations. In the
literature, there are thoughts, interpretations and analyses of measuring pore
compressibility, and how these analyses are used in the laboratories.
Tables and figures included within the text usually illustrate one sample. Tables




"Pore volume compressibility is the measure of the change in pore space which
occurs when the rock is stressed and is related to both the physical properties and spatial
arrangements of the constituent minerals" (Anderson, 1985). Pore volume
compressibility is thus used by many engineers to estimate the volume of oil initially in a
reservoir and to predict the amount of oil recovery.
The following sections are a review of core analysis and preparation, laboratory
techniques of measuring pore compressibility, review of pore volume compressibility, the
effect of stress on rock properties and finally, the importance of pore compressibility in
reservoir calculations.
2.1 Core Analysis and Preparation
Core analysis is a laboratory study to measure and interpret the petrophysical
properties of the reservoir rock. Basic data from conventional core analysis yields
residual fluid saturation, formation lithology, porosity, and permeability.
A good understanding of rock properties is critical in planning and implementing
a successful waterflood, casing design, exploration program, well completion, workover
operation and reservoir evaluation. Since it is unusual to core every well in a field and
since full core recovery is often not achieved in a given well, there is a need to estimate
some parameters in uncored intervals.
Special core analysis is an extension of conventional core analysis and yields
more detailed rock property data. It furnishes the knowledge of the initial distribution
and quantity of hydrocarbons, permeability to gas, relative permeability, rock wettability,
and fluid properties. In addition, electrical and acoustical properties of the rock can be
determined to yield data that enhances the down-hole log interpretation. Capillary
pressure, mechanical properties (including compressibility), and rock resistivity can be
measured.
Core analysis has evolved into different types depending on the size of the
selected core for analysis, that is, conventional (plug) analysis, whole core (full-diameter)
analysis, and sidewall core analysis. In this thesis, the terms "core" and "plug" are used
interchangeably. Usually plug samples are 1 to 1.5 inches in diameter and 1.5 to 3 inches
in length.
In order to achieve representative results, core samples must undergo a series of
preparation procedures. This of course is a very critical and time-consuming job. It
could takes up to five weeks to allocate orientation and depth, slab, plug, clean, dry, and
preserve the core. In addition, core samples required for testing should be representative
of the interval of interest (Keelan, 1987).
Measurement of permeability, porosity and fluid saturation requires all residual
fluids to be removed and cores to be cleaned and dried. Solvents, including toluene,
benzene, and some others, are used to remove oil and water from core samples; methanol
is used to remove salt, and silver nitrate is used to detect the presence of salt particles.
Solvents, however, must not react with the rock. Flushing with solvent at low
temperature and pressure may be the best way to treat the sample to prevent further
damages. Care must be taken when drying cores and removing cleaning solvents to
prevent mineral reaction or microbial formation.
2.2 Laboratory Techniques to Measure Compressibility
Pore compressibility can be measured statically in the laboratory. Static tests
measure the volumetric deformation caused by applied stress. There are three basic
laboratory techniques to statically measure pore compressibility. All three tests require
saturated samples with a single phase fluid, commonly brine. Assume the change in pore
volume is equal to the change of expelled fluid from the rock sample. Sampath (1982),
however, developed a new, improved, inexpensive and less time-consuming method to
accurately measure pore volume compressibility for dry samples in low permeability
sandstone samples. The three static laboratory techniques are hydrostatic, unaYifll and
triaxial.
2.2.1 Hydrostatic Test
The hydrostatic test has been widely used to measure pore volume compressibility
of consolidated rock samples. In a hydrostatic test, the stresses are equal in all directions.
The sample is enclosed by a thin jacket (elastomer or metal foil) that fits the core sample
tightly, so that no shape problems exists. The measurement is simple and rapid but not
representative of reservoir conditions.
2.2.2 Uniaxial Test
In the uniaxial test, the sample is loaded in the vertical direction while a rigid cylinder
wall prevents the lateral deformation of the plug sample. This method is more
representative to reservoir conditions than the hydrostatic test because it considers the
axial deformation to be more dominant. The corresponding change in length represents
the total volumetric change. The accuracy of the test is influenced by two factors: (a) the
upper and lower surface must be flat and perpendicular to the cylindrical surface, and (b)
the sample must fit precisely into the uniaxial cell, otherwise the requirement of zero
lateral deformation will not be met. For clay and fiiable sand, this method produces valid
data, but for consolidated rock it is very hard to meet the test criteria, and thus,
interpretation of the results in terms of formation compaction becomes uncertain.
2.2.3 T riaxial Test
The triaxial test is used to determine the strength of porous media imder various
conditions of stress (Bishop, 1962). The vertical and lateral stresses are independently
varied. This test is closer to reservoir conditions than hydrostatic and uniaxial tests. The
basic assumption is that the two principal horizontal stresses are equal. The sample is
enclosed by a flexible sleeve to allow lateral deformation. The accuracy of the test
depends on the shape of the sample like the conditions for the unaxial test.
2.2.4 Review of Pore Volume Compressibility Measurements
Since the establishment of the Adams and Williamson (1923) equation of
compressibility, several engineers have tried to measure compressibility of different rock
samples: sandstone, limestone, consolidated, imconsolidated, and Mable; yet very few
correlations have been found. In fact, no solid evidence has been found to correlate
porosity or permeability to pore volume compressibility.
Van Der JCnaap (1958) showed that the three dimensional representation of the
volume of a nonlinear porous system is a cylindrical ruled surface, the generating lines of
which have a slope according to the solid rock compressibility. It follows that the bulk
and pore volume compressibilities depend on the difference between pore fluid and
external pressure. He concluded that the average pore volume compressibility falls in the
range to the compressibility of the water and that of imdersaturated crude oil. "In general,
pore compressibility is found to be higher the lower the porosity."
In a reservoir, stress is usually applied from above by the overburden and lateral
deformation being prevented by surrounding rocks; thus, only vertical compaction occurs.
This is a lesser change than the hydrostatic stress compaction. Compressibility measured
in a laboratory under hydrostatic stress can be almost double that occurring under the
uniaxial strain conditions believed to exist in the reservoir. Teeuw (1970) presented a
simple and inexpensive laboratory testing procedure for simulating realistic reservoir
compaction behavior for both cemented and fiiable rocks. Based on previous work by
Geerstma (1957) and others, he developed a new triaxial cell-type compaction
measurement for fiiable rock. Van Der Knaap (1958) has shown that the deformation in
reservoir rock is mainly vertical and that the uniaxial compaction is related to the




where: v = Poisson's ratio
Cm = imiaxial compaction coefficient
P = Cma/ Cj , the ratio of the rock matrix to rock bulk compressibility
Anderson (1985) also developed a practical procedure to convert the hydrostatic-
stress, pore volume reduction test data into the uniaxial strain compressibility data to
resemble reservoir conditions. Static Poisson's ratio is determined by shortening the
sample in response to an applied axial load and allowing it to bulge or deflect laterally
into the constant pressure-confining media. The ratio is calculated by dividing the
fractional change in transverse diameter of the sample by its fractional longitudinal
shortening.
2.2.5 Two-Point Pore Volume vs. Net Confining Stress (Jones' Method)
Jones (1985) established a study to predict pore volume compressibility from two
points using only a straight line transformation. The purpose of his study was to modify
the available techniques to better estimate the decline of permeability and pore volume
from basic routine core analysis.
Normalized permeability vs. net stress generates an exponential decline
correlation that best fits the coefficients (ak, ko, C, and <t *). Equation 2-2 may be
rewritten in an equivalent form of Equation 2-3.
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(k) = ki exp(ak[exp(- cr / c ♦)-1 ]/(1+C cr)) (2-2)
ln[k(l+C<T)] = ln(ki) - ak[l-exp(-o-/(T ♦)] (2-3)
where ki = initial permeability
aic = point of best fit
G = net stress
a* = empirical value = 3000psi
C = decay constant arbitrarily set to 3E-6
A semilogarithmic plot of Equation 2-3 results in a straight line with an intercept
of ko and a slope of (-ak). Pore voliune can be estimated with the above technique using
the following formula:
(Vp) = Vpi exp(av[exp(- <t / c *)-1 ]/(1+C <t )) (2-4)
ln[Vp( 1+C <7)] = ln(Vpi)- av[ 1 -exp(- a I a*)] (2-5)
Permeability and pore volume data from a number of core plugs were best fit by
the use of Equation 2-4. For a majority of the cases, the decay constant (<t *) had values
fairly closely clustered about 3,000 psi and the coefficient C varied from 0 to 3*10"^ psi"'.
If these coefficients could be fixed prior to the calculations, then the linear form of the
equations suggests that the entire permeability stress and pore volume stress curve could
be estimated from measurements at only two stressed points. Pore volume
compressibility can be describe as follows:
Cf= (av* exp(-o'/cr*))/cr« + ^ (2-6)
1 + CCT
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Jones pointed out that "when the derivative of experimental data is required,
these data generally need to be about one order of magnitude better quality than when the
derivative is not required."
Nelson (1980) suggested that when a fluid-confining pressure is applied to the
outside of a jacketed rock sample in a manner similar to the hydrostatic pressure test, the
confining stress remains constant throughout the test while the piston load is gradually
increased until either the strength of the material or the piston travel or the load
capabilities of the apparatus are exceeded. Triaxial test is most often used to simulate
both rock behavior during deformation and rock properties at depth.
23 Effect of Stress on Rock Properties
Normally, reservoir rocks are subjected to two types of stresses, internal stress
exerted by fluids contained in the pores and extemal stress exerted by the overlying rocks.
When pore pressure depletes from a reservoir during production, the effective extemal
stress increases. The increase of the extemal stress and the reduction of intemal stress
causes a stmctural change in the reservoir volume. For reservoirs that are producing
above the bubble point (no free gas existing), the drive mechanism is the expansion of
water and oil and the reduction of pore space resulting from pressure decline. Neglecting
formation compressibility results in the overestimated values of initial oil-in-place.
Adams and Williamson (1923) measured the decrease in volumes of several sand
samples at elevated pressure up to 12,000 psi. From the measured volumes,
compressibility data was calculated directly, and then approximate values of the rigidity
of the rocks were computed. Adams and Williamson defined compressibility as the
13
fractional change in pore volume per unit change in pressure. Many engineers and




where = initial volume
dp = pressure change
C = compressibility
Van Tuyl (1926) described several experiments in which various types of
imconsolidated sedimentary materials were arranged in a steel cylinder and pressured up
to 3,375 psi. He concluded that the pressure imposed by the overburden or diastrophism
may be an important factor in causing the migration of oil into reservoir rocks.
A study carried out by Hundall (1934) conjectured that as oil and gas are
withdrawn from a reservoir, the potential production or capacity of the wells is reduced
because the accompanying reduction in hydrostatic or reservoir pressure causes
compaction of the reservoir rock, which in tum reduces the porosity and permeability of
the rock. In other words, Hundall considered that the voids in the rocks become smaller
when the internal or hydrostatic pressure resisting the downward pressure exerted by the
weight of the overburden is decreased.
Botset and Reed (1935) measured the compressibility of imconsolidated sand at
pressure up to 3,000 psi. The result of their experiments indicated a decrease of 0.70 in
the percentage of porosity of the imconsolidated sand. They concluded that "since the
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sand used in the experiment was unconsolidated, the compressibility of even a slightly
consolidated sand should be much less, and it is apparent that compressibility of sand is,
in general, a minor factor in oil production."
Since 1918, some evidence of subsidence of the grotmd surface over a few
production oil fields has been observed (Carpenter and Spencer, 1940). This observation
led the engineers and geologist to believe that the weight of the earth crust overlying an
oil-bearing reservoir causes a compression and compaction of the reservoir sands and
rocks as oil and gas are withdrawn fi*om them. Subsidence of the Goose Creek oil field,
Harris County, Texas, was observed to be about three feet and the effected area was about
2 Vz miles long and 1 Vi miles wide. This incident led scientists and engineers to seriously
study the compaction of the reservoir formation and to study how and when compaction
occurs.
Several engineers tried to find if a correlation exists between porosity and stress.
Hall (1953) pointed out the importance of including pore volume compressibility of the
reservoir rock in certain reservoir engineering calculations. He showed that in calculating
the hydrocarbon volume of an undersaturated reservoir fi*om the production per unit
change in reservoir pressure, the neglect of pore compressibility could, in the extreme
case of low porosity rock, lead to results in error by a factor of two. He stated that, "as
reservoir pressure declines, pore compressibility of any reservoir rock is a result of two
separate factors: expansion of the individual rock grains and the additional formation
compaction." Both of these factors tend to decrease porosity values.
Most limestone and sandstone formations have pore volume compressibilities in
the order of 10"^ to 25*10"^ psi"'. Hawkins (1955) and Hobson (1956) showed that both
rock and interstitial water compressibilities must be included to achieve satisfactory
calculations.
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Other engineers tried to develop correlations between pore volume and stress
conditions and directions. Geertsma (1957) was the first engineer to develop a set of
practical pressure-volume relationships explaining pore and rock bulk volume variation in
petroleum reservoirs. He derived the following expression:
dV, . 1
= c.*dPp + —ic^-Cf)d(a-Pp) (2-8)
p  ̂
where: Pp = pore pressure
Cf = pore compressibility
Cj= bulk compressibility
Vp = pore volume
G - net stress (Axial Stress - Confining stress) - (Axial Stress - Pore Pressure)
(|) = porosity
Geertsma explained that the decline of fluid pressure in connection with the
withdrawal of fluid fî om an imderground reservoir gives rise to a change in volume of
reservoir rock and fluids. The variation of reservoir rock is the result of a decrease of
both the pore volume and the total volume of the fluid-filled formation. Geertsma
concluded that in a porous structure three kinds of compressibility must be distinguished:
(1) Rock Matrix Compressibility: the fractional changes in grain voliune of the
solid rock material (without pores) per unit change in uniform pressure.
(2) Rock Bulk Compressibility: the fractional change in total or bulk volume of
the porous rock per unit change in uniform pressure.
(3) Pore Volume Compressibility: the fractional changes in pore volume per imit
changes in uniform pressure.
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In addition, he also derived another expression showing that in petroleum
reservoirs, only the vertical component of hydrostatic stress is constant and that the stress
component in the horizontal plan is characterized by the boundary condition. For this
boundary condition, he developed the following approximation for sandstones:
Q  (2-9)
^ V, dPp
This means compressibility of sandstones obtained by using triaxial apparatus is
about twice as high as those obtained in a uniaxial test. Fatt (1958) reported results of
experimental tests on a limited number of consolidated rock samples and sand-packs.
Plots of pore volume compressibilities of poorly sorted unconsolidated sand as a function
of net overburden pressure are shown in Figure 2-la. These compressibilities are higher
than well-sorted sandstones grains (Figure 2-lb). Fatt's results show the absence of
correlation between compressibility and porosity data.
Dobrynin (1962) carried out experiments to investigate the effect of overburden
stress on permeability, porosity, and pore compressibility of sandstone. He concluded
that pore compressibility was the major factor that affects the change in these parameters.
Chierici (1967) and Dobrynin concluded the following results from experimental tests:
(1) When dealing with undersaturated reservoirs, it is necessary to include the
effect of shale on pore volume compressibility.
(2) Formation resistivity factor and permeability of clean sandstone are affected
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Figure 2-la: Influence of overburden pressure on pore volume compressibility
for poorly sorted unconsolidated sand.
Porosity values of curve A(f = 0.36), B(f = 0.13), C(f = 0.15) and D(f = 0.12),
(Fatt, 1958).
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Figure 2-1 b: Influence of overburden pressure on pore volume compressibility
for well sorted consolidated sandstone grains.
(Fatt, 1958).
18
(3) Permeability anisotropy is slightly affected by overburden pressure.
(4) Capillary pressure curves are greatly affected by stress tensor at the lower
values of pressure, whereas the irreducible water saturation is only slightly
influenced by the overburden stress.
Andersen (1985) concluded that pore volume compressibility can account for
almost one-fourth of a system compressibility. Difference in direction and mt^tude of
the applied confined stress is a concem when comparing laboratory measured data to
reservoir values. Vertical compaction occurs typically in the reservoir, with stress applied
fi-om above by the overburden and lateral deformation prevented by surroimded rock.
The studies of Geertsma and Fatt were carried on, summarized, and elaborated
upon by Zimmerman (1986), under the assumption that the solid rock-forming material is
microscopically homogeneous and isotropic. Zimmerman's analysis along with Hooke's
equation states that "for any bulk volumetric strain that occurs in an externally
pressurized porous rock, over and above that which would occur in a similarly shaped
non-porous rock composed of the same minerals, must exactly equal the total change in
pore volume." This result can also be applied to tests in which a rock that contains a
single fi'acture is loaded by normal stress. In this case, the excess volume change of the
rock, due to the existence of the fî cture, is exactly equal to the reduction in void volume
within the fracture. This result should be useful in developing models for fracture
compressibility and fiacture permeability.
Experimental data generated by Ruddy (1988), Jones (1988), and Dobrynin on a
large number of sandstone samples showed that with the increase of the net overburden
pressure, porosity and permeability reduce at different rates. A normalized porosity was
defined as the ratio of the initial porosity to the stressed porosity, and normalized
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permeability was defined as the initial permeability to the stressed permeability. When
the normalized ratio was taken the following results were observed:
(1) Highly cemented samples with a lower porosity range had a small reduction in
the normalized porosity and permeability values.
(2) Normalized porosity usually reduced sharply for friable core samples.
(3) Uncoxisolidated samples with high porosity values showed a larger decline in
normalized porosity, and a very sharp decline in normalized permeability.
(4) High permeability values had a lesser rate of decline than the lower
permeability values, whereas high porosity values had a larger rate of decline.
(5) Overall, permeability was more sensitive to stress than porosity.
Hence, several engineers have tried to correlate compressibility and stress based on the
quantity and types of the cementing materials.
2.4 Predicting Pore Volume Compressibility from Porosity for Consolidated,
Friable, and Unconsolidated Sand.
Several correlations in reservoir engineering have been developed by Hall (1953)
and Van Der Knaap (1958) for sandstone and limestone samples from single wells, and
their correlations seem very promising for all type of reservoirs. Newman (1973) applied
several samples from different reservoirs and formations and the results were
disappointing. These data showed no correlation between porosity and pore
compressibility exists.
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Consolidated Sand consists of hard rock which is well cemented, cannot be
broken off by hand, and can resist high stress. Most samples tends to be in the elastic
region, yet compressibility data tend to define trends for sandstone and limestone sample
from similar lithology (Figure 2-2).
Friable Sand consists of somewhat hard rock that can be cut into core plug
samples but cannot resist high stress and it can be broken by hand. Friable samples tend
to be in the elastic region. There is no correlation between compressibility and initial
porosity values (Figure 2-3).
Unconsolidated Sand consists of sand that falls apart under its own weight and
cannot be plugged (unless they are frozen). Rearrangement of grains tends to provide a
looser packing, which results in higher pore volume compressibility value during the
laboratory test. The unconsolidated samples also have the tendency to be in the inelastic
region, meaning permanent volume reduction with pressurization, resulting from internal
grain failure (Figure 2-4).
In conclusion, there is no correlation between porosity and pore compressibility for any
of the sand samples.
2.5 The Effect of Pore Compressibility On Reservoir Calculations
Estimating initial oil-in-place is one of the first and most important calculations to
a reservoir engineer. Hall stated that the most common method used to determine oil-in-
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where: N = initial oil in place, bbl.
Np = oil production during the pressure decline, bbl.
Cg = effective compressibility of the reservoir psi"'.
AP = change in reservoir pressure draw-dawn,
where expressed as follows:
<^e=Ct/So (2-11)
Ct = CoSo + CgSg + CwSw +cr
where :Co, Cg, Cw are oil, gas and water compressibilities, and So, Sg, Sw, are the saturation
of oil, gas, and water.
Ignoring pore volume compressibility may result in 100% overestimation of
reservoir fluids. Fluid compressibility, on the other hand, is done by PVT analysis.
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CHAPTER 3.
METHODS OF PREDICTING AND SMOOTHING
PORE VOLUME COMPRESSIBILITY
3.0 Introduction
As stated in the literature review, many methods of predicting pore volume
compressibility have been developed. In this thesis, new methods were developed to
minimumize the amoimt of time and lab data required to predict and smooth
compressibility. When porosity or pore volume is measured at different stresses, such
correlations can be valuable in predicting pore volume compressibility.
Laboratory measurement is the best way to determine pore volume
compressibility of rocks. Depending on the requirements (hydrostatic, uniaxial, triaxial),
every apparatus has its own way of loading and unloading core samples, maintaining and
changing stress, controlling the sample's deformation limits, and stressing the sample to
reservoir conditions. Theoretically, pore volume compressibility decreases with the
increase of net stress and a smooth decline curve is obtained. Experimentally, this is not
always the case. As you will see later in the discussion of results, rock deformation can
be altered due to either human errors during sample preparation, loading, or pressure
control, or to mechanical instability in the rock itself; thus, inconsistency in pore
compressibility exists with some samples. Therefore, there is a need to smooth
compressibility data by careful study of permeability, porosity, and stress relationship.
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3.1 Method No. 1
This method is used to predict compressibility at different stresses from an initial
value of compressibility and a good correlation between porosity and stress. It is
empirically found that when porosity is plotted against net stress, a power law equation
can be established (Figure 3-la). Net stress for all methods is defined as:
Net Stress = (Net Radial Stress) - (Net Axial Stress)
Net stress = (Axial stress - Radial Stress) - (Axial Stress - Pore Pressure)
Figure 3-la illustrates a power law equation that describes the relationship between the
porosity and net stress as follows:
y = a(x)''
<|) = a (Net Stress)** (3-1)
where y= porosity
X = net stress
a and b are best fit of equation
It is empirically found that pore compressibility is also a function of the normalized
porosity and the exponent (b) from the power law equation (Figure 3-lb). Normalized
porosity is defined as:
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Figure 3-lb: Illustration of Method 1 - Pore Compressibility vs. Net Stress
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where ̂  = stressed porosity
<j)n = normalized porosity
i = initial conditions
Cf = pore volume compressibility
The advantage of this method is that by knowing one compressibility point,
preferably the initial data, and 3 to 4 porosity points, good predictions and smoothing of
pore compressibility can be obtained. A limitation of this theory exists when a poor
correlation between stress and porosity exists. If there is a poor correlation between
stress and porosity, the power law equation could result in predicting compressibility up
to one order of magnitude higher. See sample calculation (Appendix D-1).
3.2 Method No. 2
This method is used to predict compressibility from correlations between porosity
and stress. It requires the measurement of as few as two porosity points, preferably three,
in order to predict pore volume compressibility at higher stress. From the definition of
porosity, the following can be obtained:
*=/ (3-4)
(3-^)
where V„ Vb. and Vgare the pore, bulk, and grain volume respectively.
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Vp + Vg=Vp(^) (3-6)
_1_
Vg = Vp(--l) (3-7)
Vp= Vg( ) (3-8)
--1
multiply Eq. (3-8) by (— ) to simplify it to Eq. (3-9):
--H'y. (3-9)
Pore compressibility is defined in literature as:
1 dy.
c,= ~ (3-10)
substituting Eq. (3-9) into Eq. (3-10)
^-1
Assuming the change in grain volume is much lower than the change in pore volume,
A Vg will be negligible. This means that Vg will be a constant value outside the integral
and Eq. (3-11) can be rewritten as:
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-<h
<^-1Cf=.(-g—L)*(k )♦ f fromEq. (3-11)
^_i
Cf = - — ♦ ^ (3-12)
^  (/> dP
Integration of porosity values can be achieved by a best fit equation, power law equation
or polynomial, in order to achieve successful predicted results (Figure 3-2a). Using this
relationship can predict compressibility data properly (Figure 3-2b).
33 Method No. 3
This method is used to smooth inconsistencies in compressibility data by
correlating the void ratio to the cumulative pore volume compressibility (cCf), which is
the total compressibility starting from the first test point. When void ratio is plotted
against the cumulative compressibility, a straight line equation is established (Figure 3-
3a). Void ratio is defined as:
Void Ratio = — (3-13)
9,
If the finctional change in bulk volume is considerably smaller than the fractional
change in porosity, then from the straight line relationship in Figure 3-3a, the cumulative
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Figure 3-3b: Illustration of Method 3 - Pore Compressibility vs. Net Stress
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1  X JW.-V,)
f  V,. dP dP
(b — d)
CCf=m* ^ ^ +b (3-14)
9i
where m is the slope of the line, b is the intercepts and i is initial conditions.
With three porosity and pore compressibility values measured, a smooth
correlation is established (Figure. 3-3b). Compressibility can be smoothed systematically,
and prediction can be extended to forecast values at higher stress with minimum
laboratory requirements.
3.4 Method No. 4
It is empirically found that when plotting Jm against a stress function defined by
Jones (1988) in a semi-log plot, a straight line relationship is established (Figure 3-4a).
Jm is the ratio between the normalized permeability over normalized porosity, where
normalized permeability is the ratio between permeability at different stress to the
permeability value when the sample is not stressed.
k„=k/ki (3-15)
K
Jm=— m they axis (3-16)
As mentioned in the literatme review, Jones developed a function to use with net stress in
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Figure 3-4b: Illustration of Method 4 - Pore Compressibility vs. Net Stress
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l-exp(-stress/3000) in the x axis (Jones)
From the straight line equation of Jm and stress, with two values of Jm, values at
higher stress ranges can be obtained. Once Jm values are known, then Jm vs. Cf can be
plotted to best fit the data (Figure 3-4b). With only three values of pore compressibility,
data can be smoothed, and prediction at higher stress can also be obtained. The
advantage of this theory is that it considers the effects of permeability, porosity, and stress
on pore compressibility.
3.5 Jones' Method
Jones (1988) developed a correlation to determine the change in permeability
and pore volume using only two data points. This method is used in this thesis as a
comparison to the newly developed methods. When plotting the normalized pore volume
over net stress, the data will be best fitted by the equation:
Vp = VpiEXP{av [exp(-o-/o-*)-l]}/(l+Co-) (2-4)
where av = (- slope) of the straight line transformation from Figure. 3-5a
£7 = net stress
<T * = decay constant arbitrarily set to 3000 psi, for two point fit
C  = constant in equation, which is arbitrarily set to (3E-6) for two point fit.
The linear transformation of Eq.(2-4) is a semi-log plot of pore volume and stress,
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Figure 3-5b: Illustration of Jones' method - Pore Compressibility vs. Net Stress
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Vp(l+C<T) in the Y axis vs. [l-exp(-<T/<T ♦)] in the X axis
The abscissa ranges from zero to one. The zero corresponds to a net stress of
zero, and one corresponds to infinite stress. The constants C = 3E-6 and <t* = 3000 psi
are empirically found to be suitable numbers to best fit the equation. It was found that a
rock sample is usually less sensitive to stress of 3000 psi and higher. Jones modified the
classic equation of pore compressibility to the new idealized pore volume-stress
relationship:
* EXP{-cr I a*) c
Cf = + (2-6)
^  (7* 1 +Co-
Figure 3-5b shows Jones' prediction of pore volume compressibility. The
accuracy of the predicted values also depends on the constants C and cr *, even though
they are insensitive to higher stress. A complete pore volume compressibility curve can






Laboratory data from twenty eight samples were analyzed. There were five
consolidated sand samples with large a mount of calcite cement, ten consolidated and
fiiable sand samples with less quantity of calcite, and thirteen imconsolidated samples.
All consolidated and fiiable samples were measured under uniaxial test measurements
while imconsolidated sand samples were tested under triaxial test cell. All samples were
placed in a vacuum to remove excess air which may have become entrapped in the cores
and core holder, and cores were saturated with brine and stressed to reservoir conditions.
Samples were taken from different reservoirs at varied depths and reservoir pressures.
The analysis was based on different rock properties, high and low values of
porosity, permeability, and stress to make sure that the analysis was valid for all types of
reservoirs. The predictions using the developed results methods are usually up to ± 20%
different from the actual measured data. As stated by many engineers, including Jones, a
compressibility value with one order of a magnitude different from the actual measured
data is still acceptable within the laboratory experimental errors. Therefore, it was
decided that a ± 20% difference from the actual results was in the acceptable range of
prediction and smoothing. The discussion of the results was categorized by a field study
number and subcategorized by the method number. There are four studies and six
methods in the following discussion. Table 4-5 is a summary of the discussed methods.
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4.1 Study No. 1
Five consolidated samples with large amount of calcite cement were used for the
study. Samples were tested imder uniaxial conditions. Pore pressure was decreased
while axial stress was increased. Since a uniaxial test cell was used, spacing between the
core sample and the core holder became critical, and thus, care was taken during core
preparation to eliminate speicing problems. No detailed SEM tests were performed for the
samples except for the determination of calcite presence; therefore, the detailed lithology
is unknown. Table 4-1 lists initial values of basic rock properties.
Samples were saturated with brine and put in a test cell, and axial stress was
increased to 5,800 psi. All samples were recovered from the compressibility test without
damages. Compressibility values for all samples ranged between 10.2E-6 to 25.3E-6.
Sample 4 will be used as an illustration for all methods (Figure 4-la). See appendix B-1
for figures and appendix D-1 for data calculations for Study 1.
4.1.1 Method 1.
This method was used to predict compressibility from initial compressibility value
and correlation between porosity and stress. All five samples showed a good correlation
between net stress and porosity using a power law equation (Figure 4-lb). When the
exponent from the power law equation was used to estimate compressibility, two samples
were in good agreement with the actual measured data and three samples were one order
of a magnitude higher (see sample calculation appendix E-1). The samples that showed
higher values of prediction. Samples 3,15, and 16, were taken from approximately
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Figure. 4-lb: Porosity - Stress realtionship for samples - Study No. 1
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12,000 feet whereas samples 2 and 4 were taken from 8,000 feet. The higher predictions
of the three samples could be due to many factors:
- Samples 2 and 4 had porosity and permeability values lower than samples
3,15, and 16. Since this method has an indirect relation with porosity and
stress, samples with higher porosity values were less sensitive to stress than
samples with lower porosity values, as stated in the literature review (Fatt,
1958).
- Hysteresis was another factor that could alter the predictions. Cement material
could be stronger in the lower intervals than samples from higher intervals due
to late crystallization of minerals and depositional environment (Djebaar and
Erie, 1996).
- Mechanical problems in the test procedure itself were a possibility. Since pore
pressure and axial stress were adjusted manually, maintaining a constant stress
was difficult.
4.1.2 Method 2.
This method was used to predict compressibility from porosity-stress correlation.
Using the power law equation from Figure 4-1 b to predict pore volume compressibility
resulted in good compressibility predictions for all samples (see sample calculation in
appendix E-2). The assumption of negligible change in grain volume is valid for the
consolidated samples (no grain crushing and the change in pore voliime is equal to the
amoimt of fluid expelled from the core sample).
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4.1J Method 3.
This method was used to smooth compressibility data and to predict values at
higher stress from three values of compressibility and porosity. All five samples showed
good correlations between void ratio and the cumulative compressibility with a straight
line equation (Figure 4-1 c). Even though straight line correlations were established, and
the cumulative prediction agreed with the cumulative measured compressibility, when
back calculating compressibility values all samples failed to be smoothed. Using a slope
from two initial compressibility points did not seem suitable to smooth compressibility
data and predict values at higher stress. Figures and results were discarded (sample
calculation included in appendix E-3).
4.1.4 Method 4.
Figure 4-Id illustrates straight line correlations between Jm and the stress fimction
defined by Jones (1988), {1 -EXP(-strs/3000)}. Using this correlation to predict Jm
values at higher stresses resulted in a power equation (Figure C-1). Two compressibility
points were used to smooth compressibility values at higher stress, and all five samples
smoothed very well when converted to the actual measured compressibilities (sample
calculation included in appendix E-4).
4.1.5 Jones' Method
Figure 4-le illustrates a straight line correlation between pore volume and the
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Figure. 4-le: Jones' Method of predicting pore volume from two points vs. stress for Study No. 1
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predict compressibility data, all samples showed agreements to the actual data which
were either close or up to 20% higher. Samples 3 and 15 were one order of magnitude
higher. As mentioned earlier in the literature review, permeability and pore volume are
more sensitive to stress than porosity, and thus the decrease in pore volume and
permeability is most evident. Therefore, prediction of compressibility from two pore
volume points is only valid when a straight line can be generated. If a sample tends to
have sharp change in pore volume and a curve is obtained instead of a straight line,
predictions will be wrong.
4.1.6 Conclusions and Recommendations
Method 2 best predicted compressibility data and agreed well with the actual
values. Method 1 predicted values close to the actual or in the acceptable range of
experimental error, ± 20% different from the actual values. When permeability and
porosity were used to smooth compressibility. Method 4 related porosity and permeability
to smooth and predict compressibility. In Method 3, the straight line correlation between
the cumulative compressibility and pore void ratio failed to smooth data for all samples.
Depending on the requirements and available data, if one compressibility point is known
and a good correlation between porosity and stress exists, then Method 1 will give good
predictions. If no compressibility data is available but porosity and stress profile is
available, then Method 2 will give good predictions. If samples show inconsistency in
laboratory measurements, then Method 4 will smooth the data properly. In conclusion,
instead of measuring several compressibility points at elevated stress, three values of
compressibility are enough to smooth and predict values at higher stress. In addition, if
porosity is measured at different stress, there is no need to perform compressibility
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experiments. The use of these methods will consume less time and money than the
methods currently used in the industry.
4.2 Study No. 2
Seven vmconsolidated samples were tested with a triaxial test cell. Samples were
initially frozen with liquid nitrogen during core preparation and saturated and pressurized
to reservoir conditions of approximated 11,400 psi. Initial porosity values ranged
between 22% to 28%, permeability ranged between 130 to 3600 md, and compressibility
ranged between 1.19E-6 to 3.03E-6 (see Table 4-2a). During the test, pore pressure and
confining stress were varied while keeping a constant axial (ram) stress. This was not
exactly representative to reservoir conditions. Usually, the axial stress (overburden) is
more dominant than the lateral stress in a reservoir. The deformation in the axial
direction caused by the overlaying rocks in a reservoir is greater than the lateral
deformation.
SEM tests showed clay particles in some samples. Clay presence can alter
porosity and permeability when samples are saturated with fresh water (Djebaar and Erie,
1996). Cores were put in a humidity oven to stabilize clay. If clay particles dehydrate,
fine migration might occur and damage the sample. In unconsolidated sand, grains tend
to crush, causing the compressibility to increase with the increase of stress as opposed to
the consolidated sand. Even though pore volume (Vp) decreased with the increase of net
stress, the change of pore volume (dVp) increased at greater rate. Table 4-2b and Figure
4-2a illustrate how (dVp) can effect pore compressibility.











I49I5.5 26.8 1389 2.60E-05 3158
14916.5 26.9 878.38 3.03E-05 3060
14020.5 25.7 961.1 I.26E+05 3060
14927 28 3624.18 2.25E-05 3060
17305.3 22 130.58 9.23E-06 980
17135.65 22.2 420.88 3.66E-06 1062
17322.4 23.4 293.69 I.19E-06 826
00
Table. 4-2b: The effect of varying pore volume on the measurements of pore compressibility.
Net Stress Pore Vohinie d(Vp) cf
psl cc cc 1/psi
Materials other than 500 10
rock. d(Vp) is 1000 9 1 2.22E-04
constant causing 1500 8 1 2.50E-04
compressibility to 2000 7 1 2.86E-04
increa.se. 2500 6 1 3.33E-04
3000 5 1 4.00E-04
3500 4 1 5.00E-04
4000 3 1 6.67E-04
4600 2 1 8.33E-04
5000 1 1 2.50E-03
Consolidated sand. 500 10
___ —
d( Vp) decreases 1000 7 3 8.57E-04
causing compressibility 1500 5 2 8.00E-04
to decrease. 2000 4 1 5.00E-04
2500 3.5 0.5 2.86E-04
3000 3.2 0.3 1.88E-04
3500 3.1 0.1 6.45E-05
4000 3.07 0.03 1.95E-05
4600 3.05 0.02 1.09E-05
5000 3.04 0.01 8.22E-06
Unconsolidated sand. 500 10
d(Vp) increases 1000 9.8 0.2 4.08E-05
causing compressibility 1500 9.5 0.3 6.32E-05
to increase. 2000 9.1 0.4
8.79E-05
2500 8.5 0.6 1.41E4)4
3000 7.3 1.2 3.29E-04
3500 6 1.3 4.33E-04
4000 4.5 1.5 6.67E-04
4600 2.8 1.7 l.OlE-03






dVp increases with increasing net stress1.8E-03
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dVp is constant with increasing net stress
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Figure. 4-2a: Using different methods to predict and smooth compressibility - Study No.2 - Sample 14920.5.
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SEM analyses of the samples were as follows: Samples 17305.3 and 17322.4
contained illite, fine particles that can break, block pores, and then reduces permeability.
Sample 17315.65 had mechanical test problems. Sample 14916.5 contained chlorite
which is rich in iron and sensitive to HCL in brine. The chlorite caused clay swelling and
a reduction in pore volume due to expansion of grains, and increased in compressibility.
Sample 14920.5 contained kaolinite where migration of particles was large; other samples
contained little clay. Figure 4-2a illustrates sample 14920.5 which is used as an example
for this study. Figures for all samples are included in Appendix B-2 while data
calculations appears in Appendix D-2.
4.2.1 Method 1.
All samples containing large amounts of clay had poor agreement with the power
law equation (Figure 4-2b). It appears, though, that a polynomial equation might fit the
data better (see Appendix A-1).
When using the power law equation to estimate compressibility, all samples
showed±20% different from the actual data. Samples 17322.4, 17315.65, and 14920.5.
showed lower predictions while Samples 14916.5 and 17305.3 predicted values higher
than the actual results. Samples that agreed with the actual data were Samples 14915.5
and 14927. The predicted compressibility values were different fi'om the actual due to
poor power law equation correlation. Data from only 2 or 3 porosity points can be used
to estimate porosity and compressibility values at different stress. It also appears that
samples containing illite predicted values lower than actual while samples containing
chlorite predicted values higher than actual. Samples that contained very little clay
agreed well with the actual data.
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Figure. 4-2b: Porosity-Stress relationship for sample Study No. 2
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4.2.2 Method 2.
Because accurate correlations between porosity and stress are essential for this
method, a polynomial equation would best fit the data (see Appendix A-1). When a pore
void ratio was used to predict compressibility, all samples predicted values! 20%
different from the actual results. Grain crushing and/or rearrangements could be the
reason for the difference in the predicted values. The effect of grain crushing though was
not evident when porosity was used for the correlation. When pore volume was used in
Jones' method, the error was more evident.
4.23 Method 3.
Some samples showed good straight-line equations with the actual cumulative
compressibility data. Samples 17315.65, 17305.3 and 17322.4 showed poorer fits (Figure
4-2c). The result of Sample 17315.65 was poor due to mechanical problems, and the
poor predictions of Samples 17305.3 and 17322.4 were due to the presence of illite.
Even though a straight-line correlation was established between void ratio and the
cumulative compressibility, all samples failed to predict compressibility close to the
actual results. All predicted compressibility values decreased with the increase of net
stress, which is not the case for unconsolidated sand. As mentioned earlier, even though
porosity and pore volume decreased with the increase of net stress, it was (dVp) that
increased, causing compressibility to increase. Hence, even though this method accounts
for the reduction in porosity, a straight line is not valid. This was proved differently in








A straight line relationship exists for all samples.
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Figure 4-2c: Pore void ratio vs. cumuUitive compressibility for samples - Study No. 2
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4.2.4 Method 4.
Most data showed a straight-line correlation between Jm and stress (Figure 4-2d).
Using this relationship to predict data at higher values of stress, a good relationship
between Jm and Cf was obtained (Figure C-2). Using the power law equation to smooth
compressibility data, all samples correlated well with the actual results.
4.2.5 Jones' Method
Most samples showed poor correlations using Jones' method at the high stress
value (Figure 4-2e). Pore volumes tended to decrease sharply at higher stresses, and
thus, a straight-line correlation predicted higher values. If a slope is used for the lower
stress ranges, it will give poor estimates at the higher stress ranges and vice versa.
Due to the poor fits, predicted values of compressibility were 30% lower than the actual
data when a slope, a*, was used at the lower stress values. Like Method 3, predicted
compressibility values decreased with the increase of net stress while the actual
compressibility values were increased. It seems that Jones' method does not work
properly for the imconsolidated sand because it assumes dVp is equal to A Vp.
4.2.6 Conclusions and Recommendations
Compressibility of unconsolidated sand tend to increases with the increase of net
stress due to either grain expansion, clay swelling, or grain crushing. A good
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useful in reservoir description. From this study, it appears that illite can reduces porosity
and permeability and thus predict values lower than the actual. Chlorite is sensitive to
HCL in brine, causing swelling of grains and reducing pore volume. This affects the
prediction of compressibility values which are higher than the actual. Kaolinite can
migrate in pores, but for this study, it did not have much effect on data predictions.
Method 1 predicted values that were 15% lower than the actual. Jones' method
and Method 3 predicted compressibilities that decreased with an increase of net stress,
which is not the case for unconsolidated sand. Methods 2 and 4 agreed very well with
actual data. Method 4 would best smooth compressibility data with minimum
compressibility data, while Method 2 would best predict compressibility from a porosity-
stress correlation.
4.3 Study No. 3
Ten consolidated and friable samples with calcite cement lower than Study 1 were
taken from two different reservoirs and tested under uniaxial conditions. Initial values of
porosity ranged from 2% to 20%; compressibility ranged from 2.70E-6 to 303E-6 (see
Table 4-3). Permeability was not measured, and thus. Method 4 could not be used.
SEM studies were performed for all samples indicating some calcite content for
the consolidated sand and a negligible amount for the friable samples. Friable samples
were taken from approximately 2,000 feet, and the consolidated samples were taken from
8,000 feet. The consolidated samples CL-5 and CL-10 contained approximately 40%
calcite. The Samples CL-l,CL-8, and CL-9 contained 32% calcite. Samples CL-3, CL-











CL-I 2.83 N/A 3.03E-04 200
CL-2 5.32 N/A 9.60E-05 200
CL-3 8.02 N/A 1.94E-04 500
CL-4 12 N/A 3.50E-05 500
CL-5 2.81 N/A 2.79E-06 200
CL-6 5.26 N/A I.OOE-04 500
CL-7 19.22 N/A 9.23E-05 500
CL-8 20.59 N/A 5.12E-05 500
CL.9 13.58 N/A 2.76E-05 500




6, and CL- 7 were classified as fnable sand and contained 5% calcite or less. Sample
CL- 4 was classified as beach-sand and sample CL-2 was shaley-sand.
Pore compressibility for fnable samples tended to decrease dramatically with the
increase of net stress. This is due to grain rearrangements, loose grains, or hysteresis of
the cementing material. Calcite cement from shallow formations might be less effective
as a cementing material than calcite cement from deep formations. Cementing material
from deep formations tends to be more effective due to late depositions and
crystallization of fluids and minerals. Samples containing small amounts of cement
tended to behave like unconsolidated samples where pore volume decreases sharply at
higher stresses. Sample CL-5 will be used for the analysis of this study (Figure 4-3a).
Appendix B-3 includes figures for all samples. Data calculations are included in
Appendix D-3.
4.3.1 Method 1.
Figure 4-3b shows a good correlation between net stress and porosity for all ten
samples. When the power law equation was used to predict compressibility, consolidated
sand, beach-sand, and shaley-sand agreed within ±16% of the actual data. Friable
samples, however, were 10% higher at lower stress values and up to 300% percent higher
at the higher stress range.
The poor predictions for the fnable sand were due to the fact that compressibility
changes dramatically at higher stress where grains are loose. Using the uniaxial test cell
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Figure. 4-3b; Porosity-Stress relationship for samples - Study No. 3
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having large spaces between the core sample and the inside wall of the core holder) is
most likely to happen.
43.2 Method 2.
From Figure 4-3b, a good power law correlation for all ten samples was
established. When the power law equation was used to predict compressibility, results
were 30% higher than the actual results. The higher predictions of samples CL-2 and CL-
4 could be due to the presence of shale or loose grains. Since this method integrates
porosity from a power law equation, the predicted compressibility values for
consolidated sand seemed to be valid and veiy close to the actual results.
4.33 Method 3.
All ten samples showed a straight-line correlation between void ratio and
measured compressibilities (Figme 4-3c). Using the straight line relationships to smooth
compressibility and predict values at higher stress resulted in an adequately smooth
prediction with the actual results. Predictions were± 10% from the actual compressibility
data.
43.4 Jones' Method
All ten samples showed an adequate straight-line correlation between pore volume
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line relationship to predict compressibility, only Samples CL-5 and CL-10 agreed with
the actual data; all other samples were up to 50% higher. The poor estimates could be a
result of grain crushing, or perhaps the test criteria for the uniaxial test was not met. The
assumption that (dVp) is equal to A Vp from the straight line transformation failed to
work.
4.3.5 Conclusions and Recommendations
Unlike the unconsolidated sand, compressibility of consolidated and friable sand
decreases with increasing net stress. Calcite acts like cement and hold the grains together
imtil it becomes loose and grains becomes more plastic. Compressibility of friable sands
tends to reduce sharply with increasing net stress; then it remains almost constant.
Methods 1 and Jones' method failed to work for most samples because test
criteria for the uniaxial test was not met and the assumption that (dVp) is equal to A Vp
failed. Method 1 predicted values that are up to 300% higher while Jones predicted
values that are up to 50% higher than the actual. Method 3 will best smooth and predict
compressibility data at higher stress while Method 2 will predict data from porosity-stress
correlations.
4.4 Study No. 4
All six unconsolidated samples were tested under a triaxial test cell. Pore
pressure was kept constant while axial stress was increased. Samples were taken from











I-KISR 27 1236 2.60E.05 500
2-KISR 27 1177 3.03E-05 500
3-KISR 26 1240 I.26E.05 500
4-KISR 28 3624.18 2.25E-05 500
5-KISR 26 1282.23 2.96E-05 500




14,000 feet. Initial values of porosity ranged from 22% to 28%, permeability ranged from
1052 to 3625 md, while pore compressibility ranged from 12.6E-6 to 3.03E-6 (see Table
4-4).
SEM studies showed very little clay present for most samples, but Samples 3-
KISR and 4-KISR contained some illite. Sample 5-KISR, however, had some mechanical
problems during the test procedure. The rubber sleeve was ruptured and the test was
interrupted and then redone. Data from the first test was discarded, and new
compressibilities were measured.
Sample KISR-1 will be used for demonstrations (Figure. 4-4a). Figures for other
samples are included in Appendix B-4, and data calculations are included in Appendix D-
4.
4.4.1 Method 1.
All samples showed a poor power law correlation between porosity and stress as
in Study 2 (Figure 4-4b). When this correlation was used to predicted compressibility,
the predicted values were-10% than actual results. Samples 3-KISR and 4-KISR,
however, showed values up to -30% than the actual. As stated in Study 2, it appears that
samples with large amoimt of illite have prediction values that are lower than the actual.
Using more than four porosity points to predict compressibility for Sample 5-KISR
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4.4.2 Method 2.
The polynomial correlation between porosity and stress from three data points
showed a good correlation for all samples (Figure. A-2). Using the polynomial
correlation to predict compressibility resulted in a good comparison with the actual data.
With only two porosity points used to predict compressibility for sample 5-KISR, the
prediction was +20% higher than the actual compressibility.
4.43 Method 3.
A straight-line correlation was established between pore void ratio and the
cumulative pore compressibility for all samples (Figure 4-4c). Using the straight-line
correlation to smooth compressibility data gave good predictions that were only +15%
from the actual. The higher estimate for sample 5-KISR was due to the mechanical
conditions of the test mentioned earlier.
4.4.4 Method 4.
All samples showed good correlations between Jm and stress (Figure 4-4d). This
correlation was used to predict Jm values at higher stresses using a power law correlation
fit (Figure C-3). When these correlations were used with only three compressibility
points at different stresses to smooth compressibility data, all samples agreed with actual
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4.4.5 Jones' Method
All samples have a good correlation between pore volume and net stress using
Jones' method, but the straight-line correlation tended to diverge at higher stress (Figure
4-4e). When using the straight-line correlation to predict compressibility at higher stress,
all samples failed to agree with the actual measured data. Samples were up to three
orders of magnitude higher than the actual. The same problem is presented in Study 2 for
the imconsolidated sand, when compressibility tended to increase with the increase of
stress. Jones' theory proved to be invalid for unconsolidated sand when pore
compressibility increases with increase of stress.
4.4.6 Conclusions and Recommendations
As in Study 2, unconsolidated sand compressibility tended to increase with the
increase of net stress, lllite again proved to lower the estimated prediction when
fragments blocked the pores causing a reduction in porosity and permeability. Jones
method failed to predict compressibility for the imconsolidated sand in this study.
Methods 2 and 4 agreed well with actual data. Method 4 would best smooth data
for unconsolidated sand while Method 2 would predict values that would be very close to
the actual compressibility from porosity and stress correlations. Method 3 predicted
values within 10% of the actual, while Method 1 and Jones' failed the prediction (the
predicted values decreased with stress while the actual values increased).
Table 4-5: Summary of the different methods used to predict and smooth pore compressibility.
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The percentage values shown above are the difTerence between the predicted/smoothed methods and the actual data. Methods that failed are





This thesis is a study of fifteen consolidated samples tested under uniaxial test
conditions and thirteen unconsolidated samples tested imder triaxial conditions. Five
consolidated samples with high clay content were taken fix)m 8,000-12,000 feet intervals
with a reservoir pressure of 5,800 psi. Initial values of porosity ranged fi-om 16% to 33%,
while permeability ranged from 14.9 md to 5,950 md. Initial values of pore
compressibility were tested and ranged between 10.2E-6 to 25.3E-6.
Ten consolidated and fiiable sand samples with little clay content were taken
fi-om two reservoirs at 2,000-8,000 feet. Laboratory stress was presented at 10,000 psi for
most samples tested with triaxial test conditions. Initial values of porosity ranged from
2% to 20% and pore compressibility ranged from 2.79E-6 to 303E-6. Permeability was
not measured. Two types of triaxial tests were used for the unconsolidated sand samples.
Pore pressure and confining stress were varied while axial (ram) stress was kept constant,
or pore pressure was kept constant while increasing axial stress.
Seven unconsolidated samples were taken from 14,000-17,300 feet and tested
with reservoir pressiue of 11,400 psi. Pore pressure and confining stress were varied
during the test while ram stress was kept constant. Initial values of porosity ranged firom
22% to 28%, permeability ranged from 130 md to 3,600 md, and pore compressibility
ranged between 1.19E-6 and 3.03E-6.
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Six unconsolidated samples where taken from 14,000 feet and tested with
laboratory pressure to approximately 11,000 psi. Initial values of porosity ranged from
22% to 28%, permeability ranged between 1,052 md and 3,625 md, and pore
compressibility ranged between 12.6E-6 and 30.3E-6.
All samples, consolidated and imconsolidated, were used to determine the effect
of stress changes on sample pore volume, permeability, and pore compressibility. All
consolidated and friable samples where cut into plug size samples and the upper and
lower surfaces were trimmed flat and perpendicular to the cylinder surface. All
unconsolidated samples were frozen with liquid nitrogen and placed in special sleeves.
After inserting the samples into the core holder, the plugs were vacuumed to remove
excess air which may have become entrapped in the cores and core holder. Core samples
were then saturated with brine and stressed to reservoir conditions.
In all fifteen consolidated samples, a imiaxial test cell was used to determine the
compaction of the samples. Core samples were put in core holder and placed under a
vacuum to insure that no air could occupy the sample's pore space. Samples were then
saturated with brine, and 2,000 psi confining stress was applied. Samples were then
installed in a rigid cylinder to prevent lateral deformation while axial stress was applied
to approximately 14,000 psi. Pore pressure was initially increased to reservoir pressure
and then depleted while increasing the axial (ram) stress.
For the unconsolidated samples, a triaxial test cell was used to measure pore
compressibility. In the triaxial cell, axial stress was used to simulate vertical overburden
stress in the reservoir, and the confining stress (radial) was used to simulate horizontal
stresses. To obtain the initial stress conditions, cores were loaded into the triaxial core
holder with an applied stress of approximately 100 psi. The axial and radial stresses were
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then increased together while maintaining a differential of less than 500 psi. When the
pore pressure reached the initial reservoir pressure, the sleeve pressure was shut in and
the axial stress was increased to reservoir overburden pressure. During the pore pressure
depletion, the axial stress was maintained at a nominally constant value to simulate the
constant weight of the reservoir overburden. The pore volume of fluid withdrawn and the
corresponding decrease in pore pressure were used to calculate pore volume
compressibility. In this thesis, net stress is defined by:
Net Stress = (Net Radial Stress) - (Net Axial Stress)
Net Stress = (Axial Stress - Radial Stress) - (Axial Stress - Pore Pressure)
Unlike some of the consolidated samples, SEM examination of the
unconsolidated samples revealed moderately sorted, subangular sand grains which were
loosely compacted and had very little cement holding the grains together. Normal burial
and compaction of samples with clay have resulted not only in close packing of grains,
but also in cracking and deformation of detrital micas. Many of the fragments and
broken parts were so small that, if they were to break loose and migrate, they could
potentially block pore throats and further contribute to the permeability reduction already
associated with increased compaction. Because the change in pore voltime increased with
the increase of stress, pore volume compressibility for the unconsolidated samples tended
to increase as rock became more plastic and began to fail. These are the four studies of
this thesis:
Study No. 1 Consolidated sand at high pressure tested with uniaxial apparatus.
Study No.2 Unconsolidated sand at high pressure tested imder triaxial test apparatus.
Pore and confining pressure were varied while ram stress was constant.
Study No.3 Consolidated sand at low pressure tested with uniaxial apparatus.
Study No.4 Unconsolidated sand at high pressure tested with triaxial apparatus. Pore




Based on the analysis of predicting and smoothing compressibility data from the
six discussed methods, the following results were observed:
1. New methods have been developed to predict compressibility from minimum
laboratory requirements and to smooth inconsistency in laboratory results.
2. From a good correlation between porosity and stress (three points are recommended),
pore compressibility can be predicted successfiilly.
3. From three or four values of pore compressibility, correlations can be established to
smooth data and predict values at higher stress.
4. Minimizing the number of pore compressibility data measured in the laboratory will
save time and money. For example, instead of measuring pore compressibility at ten
stress values, three or four points are enough, with the developed methods.
5. A triaxial test cell seems to be more representative to reservoir conditions and is
suitable to use for imconsolidated sand.
6. A uniaxial test cell is suitable to use for consolidated sand if gap and irregular shape
do not exist in the plug.
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7. Friable sand seems to fail the uniaxial test criteria.
8. Method No. 1 predicts compressibility from initial compressibility when a good
correlation exists between porosity and stress. Generally speaking, the predicted
values for consolidated samples are within ± 20% of the actual measured data.
Predictions fail for the friable sand samples.
9. Method No. 2 of predicting compressibility from stress-porosity calculation gave very
good predictions for all samples. A power law equation should be used to best fit
porosity-stress correlations for the consolidated sand. A polynomial equation should
be used to best fit data for the unconsolidated sand.
10. Method No. 3 of smoothing compressibility data from the linear relationship between
pore void ratio and the cumulative pore compressibility failed to work for the
consolidated sand at low stress with uniaxial test measurement but agreed very well
with the consolidated sand measured at high stress using the uniaxial cell. Smoothing
compressibility data for imconsolidated sand with high clay content measured at the
triaxial cell gave poor correlations for all samples. Unconsolidated sand with no clay
content and measured with triaxial cell gave very good smoothing correlations to the
actual data.
11. Method No. 4 of smoothing compressibility data by the correlations Jm and pore
compressibility gave smooth predictions for all samples, consolidated and
unconsolidated sand.
12. Jones' method of predicting compressibility from two pore volume points gave poor
estimates for all unconsolidated sand, and 20% of the actual for the consolidated
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sand. Part of the failure was that the predicted compressibility was assiuned to
decrease with increasing net stress, yet the actual imconsolidated compressibilities
increased.
13. Compressibility for consolidated sand tended to decrease with the increase of net
stress until the sample reached its plastic region and started to fail. Then
compressibility increased with increasing net stress. Compressibility of
unconsolidated sand tended to increase with the increase of net stress as the loose
grains compacted more with higher stress.
14. Clay swelling can reduce porosity and permeability as stress increases and tends to
increase compressibility for the unconsolidated sand. Samples with a large amoimt of
illite gave compressibility estimates lower than the clean samples.
15. The thesis also recommends to carry on the investigations in Chapter 7.
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CHAPTER 7.
RECOMMENDATIONS FOR FUTURE WORK
Three methods of this thesis are not included due to minimum requirements to
establish such conclusions. These sections are (1) the use of porosity, permeability, flow-
rate, and stress to predict pore compressibility, (2) the correlation between Poisson's ratio
and stress for consolidated and imconsolidated sand samples, and (3) the use of porosity
data from well logs to predict compressibility without laboratory measurements.
Three samples were used to test the prediction of compressibility from porosity,
permeability, flow rate and stress for consolidated sand samples. Fifteen imconsolidated
samples were used to correlate Poisson's ratio to stress, and all samples agreed very well.
Five consolidated samples failed the correlation. Finally, equations of porosity from logs
are recommended for investigation to determine if they can be used to predict
compressibility.
7.1 Predicting Compressibility from Porosity-Permeability and Flow Rate
From the previous work of relating permeability-porosity relationship to pore
volume compressibility. Method 4 can be modifled to develop a promising method
applicable to use without laboratory measurements. A method has been developed to
smooth compressibility by relating the effect of permeability and porosity on stress.
Rearranging Darcy's equation to the form of Eq. (7-1):
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A{dP)
Normalized permeability is defined as:
kn = k/ki (3-15)
substituting Eq. (7-1) and Eq. (7-2)in Eq. (3-15), then normalized permeability can be
redefined as:
^ A dP Q,nL,
where k = permeability, md
L = length of core
A = cross section area
Q = flow rate
dP = pressure differential
fi = fluid viscosity
i = initial conditions
From the relationship between pore volume and porosity:
= 77^ (7-4)
^ b
h - ̂  (7-5)
^ b,
Eq. (3-2) can be rewritten as:
Vp Vbi
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dividing Eq. (7-6) by Eq. (7-3)
SjlL. . H.HL (7-7)
AdP Q,mL, Vp Vbi






Rearranging Eq. (7-8) to predict pore volume:
k„ dP Q,
Substituting Eq. (7-8) in Eq (3-9) to calculate pore volume compressibility:
Vd= '-V (7-9)P  
1 dV„
Cf= (3-10)^ Vp dP
k  Q* 6
"  (7-10)
KdP
for a constant flow rate, Eq. (7-10) will be written as:
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Cf=^.rf( ) (7-11)
(!>„ kn * dp
for a constant dp (pressure drop), Eq. (7-11) can be written as:
Cf = _Ll_ » d (^-^) ♦ — (7-13)
Q  ̂ k„ ^ dp
Data from three consolidated sand samples were available. Figures 7-la, b, and c
illustrate the correlation between the actual compressibility in the laboratory and the
predicted data using the above equations. Two correlations were used: one accounts for
the change in length, and the other assumes constant length. Both correlations predicted
values very close to the actual data.
When this theory proves to be valid, not only theoretically but also
experimentally, it can be used for future calculations of pore volume compressibility.
The theory is indeed more practical, useful, easy and less costly, and less time-consuming
than current methods.
7.2 Predicting Poisson's Ratio for Unconsolidated Sand from Stress Conditions
Compressibility measured using hydrostatic stress in laboratory tests can be
almost double that occurring imder the imiaxial strain conditions believed to exist in the
reservoir. In the reservoir, with stress applied from above by the overburden and lateral
deformation being prevented by the surrounding rock, only vertical compaction occurs,
which is a lesser change than the hydrostatic test compaction.
Core Sample 22-S
Kj= 4.9 md Phi= 24.2% L= 6.073cm D»3.881 cm
5000
Net Stress Psi
PREDICTED ACTUAL —A—PREDICTED (cons. lTI
Figure. 7-1 a: Predicting compressibility from porosity-permeability-flow rate
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Figure. 7-lb: Predicting compressibility from porosity-permeability-flow rate
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Figure. 7-1 c: Predicting compressibility from porosity-permeability-flow rate




Jones and many engineers have developed correlations to convert laboratory data
to reservoir conditions by using Poisson's ratio for translation factor,
^ = ( — V""' (7-14)
^  1-v '
Where the exponent n for sandstones and carbonates varies for given rocks. Fifteen
unconsolidated samples fi-om different reservoirs were used to predict Poisson's ratio at
different stresses. It is empirically found that:
Poisson's Ratio (v ) = 0.5 * (Net later stress / Net Axial Stress)^'^^ (7-15)
All fifteen samples were run imder a triaxial cell and the net ram was almost
constant while pore pressure decreased (Figure 7-2a,b). If this correlation exists for most
imconsolidated sand then it will furnish valuable information without the need for
laboratory measurements.
This relationship failed to work for the consolidated samples tested by Hugues (a
graduate student from Colorado School of Mines). Even though a power law equation
existed (Figure 7-3), the exponent varied for each sample. More consolidated and
unconsolidated samples with more SEM information available are recommended for the
analyses and investigations.
The consolidated sand failed to have the same trend as the unconsolidated sand.
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Figure. 7-2a Correlation to predict Poisson*s ratio from stress conditions - Study No. 4
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sand; pore pressure was increased initially until it reached reservoir conditions, then
decreased with the start of the compressibility test. In the consolidated sand test, pore
pressure was set to zero and only axial and confining stress were applied. Applying pore
pressvire to the sample while changing confining stress kept the sample's grains more
compacted. Having a zero pore pressure and applying confining stress up to 6000 psi
could cause more compaction. Another reason for the poor fit could be due to the test
procedure Hugues used for the measurements and analysis.
In Hugues' study, lateral stress was constant while axial stress was increased and
decreased; then lateral stress was increased and kept constant while axial stress was
increased and decreased again. Samples could have reached the plastic conditions where
some of the deformed volume could not retain its original conditions. For vmconsolidated
sand, pore pressure, confining stress, and ram stress were varied simultaneously.
Sometimes one pressure or stress was kept constant, but if samples reached the plastic
condition, the sample was not retested for compressibility. There could be other reasons
why no correlation was established for the consolidated sand that will only be known if
more sample data becomes available.
7.3 Using Porosity from Well Logs to Calculate Compressibility
Since Method 2 proved to give good compressibility predictions by using porosity
and stress, it was also desirable to test the validity of the method with porosity values
measured from well logs. Using porosity from well logs to predict compressibility will
eliminate laboratory measurements. It is recommended to measure porosity at two or
three stresses to generate a power law equation or polynomial as discussed earlier in
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Chapter 4. Data from sonic, acoustic, and other logging tools are commonly used in oil
fields and can be valuable information in calculating porosity values.
Porosity measured from density logs is defined as:
I  Pm Ph
9=
Pn,.Pf
where pb = bulk density
Pm = matrix density
Pf = fluid density
Another way to measure porosity is by using acoustic log as follows:
A/-A/m ̂  1
9 = * —
tstf - Atm Cp
Cn —
100
where At = acoustic travel from the borehole acoustic log
A/ot = acoustic travel time for the rock matrix
Atf = acoustic travel time for interstitial fluids
Csh = shale compaction coefficient
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In conclusion, if data from a reservoir (porosity, permeability, flow-rate, and
stress) can be used to predict compressibility, it will eliminate laboratory measurements.
If the correlation to predict Poisson's ratio proved to be valid for both consolidated and
unconsolidated sand, the correlation will be useful to convert laboratory data to reservoir
conditions. Minimizing or eliminating the amount of laboratory data has a great potential




All attempts were made to maintain consistency in nomenclature
English Symbols:
A  Cross section area
a,b Point of best fit
ak Point of best fit
av (-slope) of the straight line transformation by Jones
C  Decay constant arbitrarily set to 3E-6
Cm Uniaxial compaction coefficient
cf Pore compressibility
Cb Bulk compressibility








Csh Shale compaction coefficient
dp Pressure change (from integral)
i  Initial conditions





m  Slope of the straight line equation
N  Initial oil-in-place
Np Oil production during the pressure decline
Pp Pore pressure
Q  Flow rate
Qi Initial flow rate








P  The ratio of the rock matrix to rock bulk compressibility
A P Pressure difference
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fi Viscosity of fluids
G  Net stress






A/ Acoustic travel time for the borehole
A/„ Acoustic travel time for the matrix
Acoustic travel time for the fluids
A/,;, Acoustic travel time for shale
V  Poisson's ratio
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Porosity - Stress relationship for unconsolidated sand - Study No. 2
APPENDIX A-1
PoftMity-Stress relationship for unccmsolidated sand
STUDY N0.2
«I491S.S
y - -2E-08x^ - 0 0006X ♦ 28 744
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Porosity - Stress relationship for unconsolidated sand - Study No. 4
APPENDIX A-2








































y = -3E-I0x^ + 4E-07X + 0.2586
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Correlations to predict and smooth pore compressibility - Study No. 1
APPENDIX B-1
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APPENDIX B-2
Correlations to predict and smooth pore compressibility - Study No. 2
APPENDIX B-2
Correlations to predict and smooth pore compressibility - Study No. 2
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APPENDIX B-3
Correlations to predict and smooth pore compressibility - Study No. 3
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Correlations to predict and smooth pore compressibility - Study No. 4
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APPENDIX C-1
Pore Compressibility vs. Jm for consolidated sand - Study No. 1
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Pore Compressibility vs. Jm for unconsolidated sand - Study No. 2
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Pore Compressibility vs. Jm for unconsolidated sand - Study No. 4
APPENDIX C-3
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Basic Rock Properties and Pore Volume Compressibility Measurements for
Consolidated Sandstone - Study No. 1
APPENDIX D-1
STUDY NO.l
BASIC r(x:k properties and pore compressibility MEASURMENTS
SAMPLE STRESS POROSITY Vp Kair a vpn Km ♦» Jn l-«tp CUMCf Ct Ct ctiMa a Ct a
ID# PS! H cc mi immwc4 (4ITRS/I000) 1/PSI METHOO-l METHOIKS MEIHOIKJ METHOILJ MCTH0Du4 JONES'
800 162 308 1490 0 100 100 100 0.23 O.OOE^
3652 152 289 207 253E-05 014 094 038 0.70 253E-05 2.53E-05 3.12E-0S -2.10E-05 -210E-05 269E-05 2.56E-05
4271 150 285 182 229E-05 012 093 036 0.76 4.82E-05 1.94E-05 1.41E-05 1.30E-05 3 40E-05 2.07E-05 2 14E-05
4581 150 285 1 74 176E-05 012 093 036 078 6.58E-05 I.91E-05 126E-05 148E-05 I79E-06 185E^5 196E-05
4890 149 283 167 196E-05 Oil 092 0 35 080 854E-05 166E-05 1 18E-05 327E-05 I 79E-05 166E-05 1 79E-05
5200 148 281 161 1 44E-05 Oil 091 034 082 998E-05 144E-05 l.lOE-05 506E-05 179E-05 151E-05 165E-05
5819 147 279 1 53 1 17E-05 010 091 034 086 1.12E04 125E-05 lOlE-05 685E-05 I.79E-05 127E-05 1.39E-05
5200 146 2.77 1 40 -180E-05 009 090 032 082
mmm 800 261 496 330 0 100 100 100 023 OOOE^OO
3652 256 486 290 102E-05 088 098 095 0.70 102E-05 102E-05 914E06 I56E-05 1 56E-05 758E-06 1.04E-05
4271 255 485 286 4 88E-06 087 098 094 0 76 151E-05 8 54E-06 439E-06 222E-05 667E-06 5 43E-06 904E-06
4581 255 485 285 481E-06 086 098 094 078 199E-05 829E-06 3 92E-06 2.33E-05 1 llE-06 470E-06 8.44E-06
4890 255 485 283 4 68E-06 086 098 094 080 2.46E-05 805E-06 366E06 2 44E-05 1 llE-06 413E-06 790E-06
5200 255 485 282 301E06 085 098 093 082 276E-05 781E06 343E06 2 56E-05 1 llE-06 3 68E-06 7.41E-06
5819 254 483 279 442E06 0 85 097 093 086 320E-05 563E-06 315E06 3 78E-05 I.22E-05 301E06 6 58E06
5200 255 485 281 467E-06 085 098 093 082
800 20 2 384 249 0 1 1 1 023 OOOE+00
3652 191 363 104 192E'05 042 095 066 070 1.92E05 1.92E-05 2.65E-05 4.70E-05 4.70E-05 220E-05 188E-05
4271 190 361 93 137E-05 037 094 063 076 329E-05 166E-05 121E-05 604E-05 I34E-05 165E-05 158E-05
458! 189 3.59 89 1.01E4)5 035 094 062 078 4.30E-05 1.44E-05 1.08E-05 7.38E-05 134E-05 1.44E-05 145E-05
4890 188 3.57 84 1 24E-05 034 093 060 080 5 54E^)5 1.25E-05 lOlE-05 871E-05 !34E-05 128E-05 1.34E-05
5200 188 3.57 80 9.60E-06 032 093 059 082 6.50E-05 125E4)5 944E06 871E-05 OOOE+00 1 15E-05 1 24E-05
5819 187 355 7.4 7 82E-06 030 093 057 086 7.28E-05 1.08E-05 866E-06 lOOE-04 1.34E-05 944E-06 1.06E-05
5200 187 355 7.5 3.06E-06 030 093 057 0.82
800 302 5.74 2041 0 1 1 100 023 OOOE+00
3652 294 559 1649 1 40E-05 081 097 0.91 070 140E-05 1 40E-05 I.42E-05 180E-05 I80E-05 lOlE-05 1 38E-05
4271 293 557 1641 715E-06 080 097 091 076 212E-05 1.16E-05 656E-06 3.03E^5 123E-05 898E06 1 18E-05
4581 293 5.57 1626 641E-06 080 0.97 091 078 276E-05 1 16E-05 585E-06 303E-05 OOOE+00 8 53E-06 109E-05
4890 292 555 1612 7 48E06 079 097 090 080 3 50E-05 964E06 547E-06 425E-05 1 23E-05 814E06 lOlE-OS
5200 292 555 1599 694E-06 078 097 0.90 082 420E-05 964E-06 513E-06 4.25E-05 OOOE+00 781E-06 943E06
5819 291 553 1573 7.43E-06 077 096 089 086 4.94E-05 799E-06 470E4)6 5.48E-05 123E.05 726E-06 822E-06
5200 291 5.53 1583 341E-06 078 082
mMm 800 331 629 5950 0 1 1 1 023 O.OOE^
3652 32 1 610 4981 185E-05 0 837 0970 0 929 0.70 I85E-05 1.85E-05 1.95E-05 125E-05 125E-05 1 17E-05 1.09E-05
4271 319 606 4871 949E-06 0819 0964 0922 076 280E-05 143E-05 8.98E-06 2 70E-05 I45E-05 968E-06 938E-06
4581 31 8 604 4822 893E-06 0810 096! 0918 0.78 3.69E-05 I25E-05 8 00E-06 3 43E-05 725E-06 893E-06 875E-06
4890 31 7 602 4779 893E-06 0803 0958 0916 080 4 59E-05 l.lOE-05 7.47E-06 415E-05 725E-06 830E06 818E-06
5200 316 600 4736 768E-06 0796 0955 0913 082 535E-05 964E-06 701E-06 4 88E-05 725E-06 777E-06 7.67E-06





Basic Rock Properties and Pore Volume Compressibility Measurements for
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Basic Rock Properties and Pore Volume Compressibility Measurements for
Consolidated Sandstone - Study No. 3
APPENDIX D-3
STUDY NO. 3
BASIC ROCK PROPERTY AND PORE COMPRESSIBILITY MEASUREMENTS









CUE Cf 1/SSM6 Cf 1/FSI*C6 Cf l/PSTEi
10 NETS
Mi
SOIIi-¥OL fosoamr PONOHTY Ct Cf*Tr Cf Cf 1-EXF
MX cc VvNH % 1/MM6 l/MfaS l/fiTEi MBTHOD-I IIBTH0IK2 (•STNS/lOOOl JONES'
CL-1 200 62 1 283 1000 303.02 187 87 303 30302 375.60 0064 369 72
SCO 589 095 269 0951 111.59 69.19 415 121.09 178.63 46 93 0154 334 82
1000 583 0907 258 0912 52 41 32.5 467 56 92 80 46 36 87 0283 283 87
2000 5 43 0675 249 0880 27 56 17.09 495 29 95 4019 3017 0487 204 24
3000 53 0855 243 0 859 1582 9.81 510 1927 23 30 20.11 0632 14718
4000 5 21 064 239 0845 11 56 717 522 1428 1647 13.41 0736 10629
5000
6000
516 0833 2 37 0837 907 502 531 12.26 1274 6.70 0 811 76 99
511 0624 234 0 827 743 461 538 974 1040 1006 0865 56 00
7000 5 07 0 817 2 32 0 820 628 39 545 834 878 670 0903 40 95
8000 503 081 2 31 0816 543 337 550 771 760 335 0931 3017
9000 499 0805 229 0809 478 296 555 659 6 70 670 0950 22 44
10000 496 08 2 28 0806 426 264 559 609 599 335 0964 1690
200 575 0 927 2 63 0929
CL-2 200 2 79 1 5 32 1000 96 91 60 08 96.91 9691 125.50 0064 75 66
500 2 74 0 981 522 0 981 4206 26 07 138 97 40 75 80.81 1807 0154 68 74
1000 269 0966 5 15 0968 22 06 13.67 161 03 22 00 40.15 1265 0 283 58 64
2000 2 65 0 951 507 0 953 1137 7.05 1724 10 76 20 06 1445 0 487 42 86
3000 263 0 942 502 0944 753 467 179 93 685 46 31 903 0632 31 55
4000 261 0 935 499 0938 5 52 343 185 45 521 47 86 542 0 736 23 44
5000 259 093 496 0932 4.31 267 189 76 395 4941 542 0 811 1763
6000 258 0 926 494 0929 35 217 193 26 329 50.96 361 0865 1346
7000
6000
257 0923 493 0 927 295 183 19621 300 52.52 181 0903 1047
257 0.92 491 0 923 257 159 198 78 249 54.07 361 0931 833
9000 256 0.918 49 0921 23 1.43 201.08 227 55 62 181 0950 679
10000 255 0.916 489 0919 2.12 1.31 2032 207 57.18 181 0964 568
CL-9 500 0.457 1 802 1000 193 53 119.99 193 53 193.53 198 50
0.154 1558
1000 0.43 0.941 754 0.940 67.42 41.8 260 95 36 34 111.16 53 31 0283 1364
2000 0416 0.909 732 0913 15.59 967 276 54 1629 28 05 24.43 0487 1061
3000 0.41 0897 724 0903 787 488 28441 1209 1629 888 0632 844
4000 0407 0891 72 0898 501 311 289 42 1041 11.52 444 0.736 688
5000 0406 0887 7.17 0894 331 2.05 29273 9.29 8.91 3.33 0 811 5 76
6000 0405 0885 716 0893 22 1.36 294 93 895 7.27 1 11 0865 496
7000 0.404 0883 7 14 0.890 146 0.9 296 39 830 614 222 0903 438
8000
9000
0403 0881 713 0889 097 0.6 297 36 799 532 1 11 0931 396
0403 0.88 7.12 0.888 0.64 0.4 298 769 469 1 11 0.950 366
CW 500 0705 1 12 1000 35.03 2172 3503 35.03 50 40
0154 590
1000 0694 0985 11 83 0.986 287 17.79 63 73 23 22 4164 13.18 0283 545
2000 0677 096 11 57 0964 1956 12.13 83.29 1224 24 54 2017 0487 474
3000 0.665 0.944 11.4 0.950 1354 839 96.83 799 14 25 1318 0632 424
4000 0658 0933 11 28 0.940 947 587 106.3 589 1008 931 0736
387
5000 0652 0925 11 2 0933 667 4 13 112.97 480 780 620 0 811 360
6000 0648 0919 11 13 0 928 472 293 117 69 400 636 543 0865
341
7000 0.645 0915 1109 0 924 336 208 12105 361 537 310 0903
327
8000 0643 0912 1106 0922 239 148 123.44 334 465 233 0931
317











































CL-6 200 1 14 1 281 1000 270 34 17319 27934 270 34 350.00 0064 65 80
500 107 0 946 267 0950 12063 7479 399 97 11574 178.80 46 37 0154 59 82
1000 1 03 0.907 256 0 911 48.77 30 23 448 74 5604 84.20 36 43 0283 5109
2000 099 0876 247 0879 23 01 1426 47175 30 24 4210 2081 0487 37 45
3000 097 0856 242 0.861 17 75 11 489.50 21.25 24.40 16.56 0632 27 67
4000 095 0.84 237 0843 1429 886 50370 1483 1724 16.56 0736 20 66
5000 094 0827 234 0833 11 54 715 515.33 1100 1334 004 0 811 15.64
6000 093 0817 231 0822 932 578 524 65 053 10.80 004 0865 12.03
7000 092 0808 229 0815 752 466 532.17 820 0.10 662 0903 945
6000 091 0802 227 0808 607 377 538.24 705 706 662 0931 759
9000 09 0 796 225 0801 491 304 54315 6.05 701 662 0950 626
10000 09 0 792 224 0 797 396 246 547 11 5.61 627 331 0064 531
0000
CL4 500 0 708 1 526 1000 100.14 6198 10014 100.14 80 94 0154
590
1000 0683 0965 508 0966 49 35 30 55 149 49 26 80 36 83 63 05 0283 5.45
1500 067 0947 499 0 949 25 1547 174 49 13.60 23 39 31 52 0393 507
2000 0664 0938 495 0941 1259 7.79 187 08 10.10 1656 14.01 0487 474
2500 0661 0933 493 0937 741 459 194 49 8.67 1283 701 0565 447
3000 0658 0929 491 0933 546 338 109 95 7.44 1047 701 6632 424
3500 0656 0927 489 0930 4 71 2.91 204 66 6.38 885 701 0689 404
4000 0.655 0926 489 0930 436 2.7 20902 638 766 0 736 387
4500 0654 0923 488 0928 4 15 2.57 21317 500 6.75 350 0777 373
5000 0653 0.922 487 0926 397 2.46 21714 5.46 604 350 0 811 360
5500 0652 092 486 0924 38 2.36 220 94 5.05 546 350 0840 350
6000 0.651 0.919 486 0924 3.64 2.26 224 58 5.05 4.09 0.865 341
6500 0649 0917 484 0920 349 2.16 22807 432 4.58 701 0885 3.34
7000 0648 0916 484 0.920 334 206 231.41 432 424 0903
327
7500 0647 0.913 483 0918 319 1.98 234 6 400 305 350 0918 322
8000 0645 0.91 481 0.914 305 1.80 237 65 342 3.60 701 0931 317
8500 0644 0909 481 0914 292 181 240 57 342 347 0941 313
9000 0643 0906 48 0.913 28 1.74 24337 316 327 350 0950 309
CL-7 500 1592 1 1922 1.000 92.25 547 02.25 92 25 71 14 0154 1169
1000 15.64 0982 1895 0986 12.1 7.17 104 35 26 38 10.45 31.98 0 283 1035
1500 1557 0 978 1888 0.982 647 384 110 82 1901 11.34 829 0393 921
2000 1552 0975 1883 0.980 547 3.24 116 20 1504 803 592 0487 825
2500 1548 0 972 1879 0978 483 286 121 12 1246 622 474 0565
744
3000 1545 097 1876 0 976 427 253 125.30 10.81 508 3.55 0632 675
3500 15 43 0969 1874 0975 378 2.24 120.17 984 420 237 0689 617
4000 1539 0967 18.71 0973 335 1 98 132 52 854 372 355 0736
567
4500 15 36 0965 1868 0 972 296 176 135 48 741 328 355 0777 525
5000 15 34 0963 18.65 0 970 262 1 55 138.1 643 203 355 0811 489
5500 1531 0 962 1863 0969 232 1 37 140.42 584 265 2.37 0 840
459
6000 153 0961 1861 0968 205 1 22 142.47 5.31 242 237 0865
434
6500 1528 096 186 0968 182 1 08 144 20 507 222 1 18 0 885 412
7000 1527 0959 18 59 0967 1.61 095 1450 483 206 1 18 0 903 393
7500 1527 0 959 1858 0967 1 42 0.84 147 32 461 1 02 1 18 0918
3 78
6000 1526 0958 1857 0966 1 26 075 148 58 439 1 70 1 18 0931
364
6500 1525 0957 1856 0966 1 11 066 140 60 419 168 1 18 0 941
3 53





































CL4 600 I486 1 20 68 1000 61.23 3038 61.23 61.23
41.22 016 4146
1000 14 67 0981 20 28 0.886 26 86 16J3 78.08 24.26 3669 34.17 028 36 66
1600 14 62 0 971 2012 098 16.89 843 83.88 1643 2074 1764 0.38 3066
2000 14.41 0984 20 0071 10.84 6.43 104.82 1223 14.67 13.23 048 26.31
2600 14 34 0960 10.82 0967 8.4 4.98 113.22 10.04 11.36 8.82 0.67
2273
3000 14 20 0866 1986 0966 7.12 4.22 120.34 8.66 826 661 063 1969
3600 1424 0.963 1981 0962 836 377 126.7 764 7.82 661
069 1712
4000 14 2 0.86 1876 0960 686 3.47 132.66 6.76 6.77 6.61
0.74 1494
4600 14 16 0947 19 71 0967 646 3.23 138 696 6.07 661 078
1310
6000 1411 0944 1966 0965 611 303 143.11 628 633 661
081 11.64
6600 14 07 0941 1962 0963 4 81 286 147.02 4 76 482
441 084 1052
6000 1404 0939 19 68 0 961 463 269 162.46 430 440 441 086 910
6600 14 0937 1954 0949 428 2.64 166 73 389 404
441 089 916
7000 13 87 0936 196 0 947 403 239 160.76 3.61 374 441
080 734
7600 1384 0 933 1947 0946 3 81 226 16467 326 348
331 092 666
6000 13 92 0931 1946 0 946 369 2.13 16816 310 326
220 093 609
8600 1389 093 1942 0 943 339 2.01 17166 2 87 306 331
094 660
0000 1387 0928 1839 0 942 32 1.9 174.76 2.66 288 331
096 618
CL-* 600 1358
1 17.2 1000 27 68 1636 27.68 27.68 23 60 016 6.20
1000 1346 0 991 17 07 0 892 1366 8.1 41.24 16.32 . 2061 1640
0.28 486
1600 1337 0986 1689 0988 908 6.38 6052 1064 12.04
1008 0.38 4.66
2000 13 32 0981 1693 0994 7 21 4.27 67.63 808 896
767 049 4 32
2600
3000
1327 0977 1688 0 981 616 3.66 63.88 643 694 631 067 4.11




13.21 0.973 1681 0.977 4.78 2.84 7387 4.66 479 3.78 088
378
13.18 0.97 1678 0976 424 262 7811 406 4.14 378
074 3.66
4600 1316 0.968 1676 0974 3.77 2.24 8188 3.63 366 3.78
078 364
5000 1311 0966 1671 0972 336 1.88 86.23 2.83 3.27 6.04
081 346
6600 13.08 0.904 1669 0 970 2.88 1.76 8851 2.67 2.96 262
0.84 337
6000 13.07 0963 1667 0969 264 167 80.86 2.44 2.70 262
086 330
6600 13.06 0.861 1666 0.968 2.36 1.38 835 2.22 2.48 262
080 3.24
7000 1304 0961 1664 0967 208 124 9629 2.12 228 126
080 318
7600 13.04 0.86 1663 0967 1.86 1.1 87.16 2.02 214 1.26
082 316
8000 1303 0.868 1662 0966 1.66 0.88 88.8 1.83 2.00 126
083 311
8600 13.01 0.868 16.6 0966 1.47 087 10057 1.76 1.88 2.62
084 308
9000 13 0.867 1659 0.966 1.3 0.77 10157 1.68 1.77 126
006 3.06
et-it 600 10.93 1 1299 1000 4263 28.22 42.63 4263
34 93 016 12 76
1000 10.8 0.088 12.86 0.990 14.8 8.78 67.33 2253 2284
2108 028 11.26





1068 0.877 12.74 0.981 8.08 4.78 76.07 12.14 1056 648
048
1064 0874 12.7 0 978 7.06 4.18 82.12 8.81 7.84 648
067 798
3000 1061 0.871 1266 0976 8.23 368 88.36 808 648
648 083 722
3600 1068 0968 12.64 0 973 651 357 83.86 7.30 648
324 088 666
4000 1066 0866 12.6 0970 487 2.88 98.73 686 474
648 0.74 600
4600 10 62 0963 1267 0968 431 266 10304 6.10 418
4 97 078 663
6000 1048 086 1264 0965 381 250 10686 4.37 374 4 87
081 613
6600 1047 0968 12.62 0964 337 2 110.22 386 338
324 084 480
6000 10.46 0867 126 0962 299 i.n 113.21 366 308
324 086 461
6600 1044 0865 1248 0961 264 167 11686 351 284
324 088 426




1042 0864 12.466 0960 2.07 153 12026 287 246 081
082 388
10.42 0.863 1246 0968 1.83 1.08 12208 288 228 081
083 373
8600 10.4 0962 1245 0968 162 0.96 123.71 2.76 216
162 094 360






Basic Rock Properties and Pore Volume Compressibility Measurements for
Unconsolidated Sandstone - Study No. 4
APPENDIX D-4
STUDY NO. 4



































































































































































































































































AVQNBT Vp POROSITY CUMCf 4 Nomm. K 3m METHOD cr cuMa O cr METHOD
•TRESS M % (HW 1 METH002 METHODS METHODS NCTHDS XMESr
1000 33.48 0.27 1.01 124 1722 1.11
363$ 22.19 0.27 200E-08 1.00 098 1333 0.99 28E-09 447E-09 447E09 2 09E-09 18E-09
41M 21.93 026 610E-OS 009 087 1208 0.94 28E-09 198E-09 7.87E-09 340E-eS 2 32E-09 14E-09
4644 2167 0.26 73SE-00 090 087 1208 094 28E-09 202E-09 • 92E-09 1D9E-08 2 30E-09 14E-09
1111 21 40 0.26 993E-0S 097 000 1111 091 28E09 208E-09 9 88E-09 9.68E-08 249E-09 12E09
3993 21.14 026 V24E-04 097 008 1194 0.94 28E06 2.18E-09 1.31E-04 3 20E 09 2 28E-09 10E-00
6443 20.08 021 149C-04 090 008 1194 0.93 28E-0S 2 29E-09 1.96E-04 2 92E-4I9 2.28E-09 89E4)8
•90) MM 021 177E-04 090 087 1208 096 2 6E-09 231E-09 184E-04 2.78E09 2 20E-09 80E-08
7)57 M)3 021 2 03E-04 094 0.83 1193 0.94 2 8E-09 237E-09 213E-04 2 94E-09 2 30E-09 7 2E-06
78D M.06 021 2 29E04 093 083 1193 0.9) 28E-09 244E-09 246E-04 3.19E-08 2 26E-(i6 86E-08
•270 19 77 0.24 2 00E-04 092 078 1003 092 28E-09 2 90E-09 2 78E-04 3 38E-09 24flC-09 80E-08
•TO) 1946 024 291E-04 091 078 1042 091 26E-09 2 98E-09 3.14E-04 3 98E-09 248E-09 98E-08
91M 1917 0.24 321E-04 090 070 972 oao 28E09 382E-09 3 92E-04 3.77E-09 2 84E-09 01E-08
9M) 1001 024 35SE-04 0.09 089 998 000 28E09 389E-09 3.91E-04 3 96E-0S 2 84E-09 40E-08
996) 181) O.D 3 09E-B4 000 089 903 006 28E-09 2 79E-09 4 33E-04 419E-09 2 78E-09 4 6E-08
10)17 lO.U 0.2) 4a4E-04 0.80 097 792 OJl 28E09 281E-09 4.77E-04 4.40E-09 318E-09 4 2E-08
1072) 17 90 02) 4ft9E-04 009 091 700 077 28E-09 288E-09 9 23E-04 4.81E-09 3 94E-09 4 0E08
IIOM 17)7 023 6.20E-04 0.03 039 942 0.69 2.8E-09 292E-09 972E-04 4.82E-09 4 83E-09 38E08
II))) 1678 OD 8.01E-04 001 0.27 379 OSS 2.8E-09 2 96E-09 • 21E-04 4 92E-09 • 79E-09 37E-08
11407 16)3 0.21 i.7«E-04 0.79 029 347 O.M 28E09 299E-08 8.94E-04 3.32E-09 7 21E-O0 38E-06
MO 1770 0.27
3463 17.46 027 3.03E-OS ISO 103 909 1.01 30E-09 168E-09 2 88E-09 2 88E-09 2.98E-09 31E-08
M17 1716 0.26 3.80E-OS 0.99 009 782 0.93 30E09 188E-09 104E-04 2 98E-09 3.13E-09 16E09
4380 1694 0.26 • 04E-0t 0.90 083 729 0.92 3.0E-09 2 04E-09 129E-04 2 08E09 3 20E-09 14E09
4703 i6.n 026 0.70E-0S 0.97 081 711 092 3.0E-09 3 22E-09 149E-04 244E-09 3 22E-09 12E-09
MOO 1644 0.26 121E-04 0.90 0.71 824 0.06 30E-09 24IIE-09 1.78E-04 2 89E-09 3 38E-09 11E-06
1M0 1614 021 1.80E-04 0.94 079 899 0.09 3.0E-08 298E-09 2 02E-04 282E-08 3 29E-09 90E08
191) 1).87 0.21 1.02E-04 0.03 0.70 819 0.07 3.aE-09 277E-09 231E-04 2.92E-09 3 38E-09 98E-08
6333 11.63 0.24 2.24E-04 000 0.88 980 0.86 30E-09 2.98E-09 2 83E-M 3 29E-09 3 38E-09 7 9E08
•747 11)7 0.34 2.ft7E-04 0.91 0.82 949 o.n 30E-09 3.18E-09 2.97E-04 331E-00 3 90E-08 7 2E-08
7170 11.10 0.24 2.S3E-04 0.90 080 827 on 30E-09 3.38E-09 331E-04 343E-09 3 93E-09 8 6E-08
760) 1481 0.24 3.32E-04 0.00 047 901 0.80 30E-09 3 97E-09 3 89E-04 3.99E-09 3 98E-09 80E-08
•013 14.13 O.D 371E-04 0.07 0.47 413 0.74 30E-08 379E-09 4 07E-04 3 81E-09 3 84E-09 6 8E-08
•477 14.26 O.D 4.09E-04 0.08 0.43 378 0.71 30E-09 4.02E-09 448E-04 408E-09 3 96E-09 91E-08
13.96 O.D 4.02E-04 0.04 0.37 329 0.66 30E-09 428E-09 4.93E-04 449E-09 418E-09 48E08
9360 D.68 O.D 4.92E-04 0.03 0.34 299 0.64 3.0E-09 4 49E-09 8 39E-04 4 88E-09 4 30E-09 4 9E-08
9771 1)41 OD e.33E-04 0.02 0.27 237 O.M 30E-09 4 79E-OS 8 83E-04 4 37E09 4 89E-09 43E-08
10213 13.11 O.D • 70E-04 0.01 023 202 0.3) 30E-08 9.00E-09 • 33E-04 009E-08 4 97E-09 4 1E-08
106M 1271 031 • 41E-04 0.70 018 180 0.40 30E09 9 27E-09 8 86E04 8 28E-09 943E-09 39E08
10907 DM 0.21 •.98E-04 0.70 0.18 141 0.43 30E-09 9 99E-09 7.19E-04 2 93E-09 987E-00 30C-08
APPENDIX
STUDY NO 4
BASIC ROCK PROPERTIES AND PORE COMPRESSIBILIY MEASUREMENTS
RAM fl PSVI PORE Drf(PORE NET NET POiSSONS' C(porMr«0 AVONET vp POROSnY CUMCr ♦ NORMAL R Im METHOD a CUM a 07 a METHOD
PRESSIKE PRCSSURI PRESSURE VOLUME) STRESS SLEEVE RATIO 1/PSI STRESS «• UP8I (MEAN) KOild) m 1 METHOD 2 METHOD 3 METHOD 3 METHD4 XINEOP
I icmt 1000 1000 100 0000 100 0.9 900 18 19 0.24 090
913
14111 13400 9820 0000 4313 2980 037 3198 1819 0.24 12SE-0S 100 1.00 981 13E09 1.11E-09
1.87E-04 2 00E09 19E-09
mil 13331 9330 0114 4813 3003 038 126E-09 3404 18.08 024 2.34E-05 099 108 1009 103 13E-09
129E09 2.21E-04 104E-09 14E-09
Mill I33«> 8830 0184 1813 3440 039 208E-09 4078 1789 0.24 • 20E-09 090 004 807 092 13E-09 143E-09
221E-04 2 94E-09 14E-09
Mill 133'<0 t330 0149 1811 3910 04 186E-01 4971 17.73 029 822E-OS 097 073 702
0S7 13E09 199E-09 2 90E-04 2 90E-09 3 09E-09 12E09
Mill 13140 7830 0 272 4311 4340 0 41 )12E-01 4998 1749 029 1 10E-O4 098 093 894 098 13E09





0 339 4813 4840 042 2 46E-01 9498 1722 029 140E-04 099 074 711 088 13E09 191E-09 312E-04 316E-09 2 93E-09 93E-08
Mill 0 317 7313 1270 0 42 3 03E-01 9911 1497 029 142E-04 090 079 721 089 1 3E-0S
207E-09 348E-04 3 29E-09 2 04E09 94E-06
Mill 13040
13000
4320 0184 7813 9740 0 42 222E-09 4431 1478 0.24 109E-04 094 071 802 087 13E09 223E-09 379E-04 342E-09 3 09E-09 78E09
Mill 1820 0184 8313 4180 043 2 24E-01 4891 1440 024 307E-04 093 079 799 093
1 3E-e9 340E-09 4 19E-04 38SC-09 2 84E-08 8 8E-06
Mill 11900 1330 0184 8813 4440 043 2 27E4I1 7378 14 41 024 2ME-04 092 0 78 790 093 1 3E-08 2 97E-00
4 92E-04 389E-09 296E-09 92E-06
Mill 11920 4830 0311 9313 '100 043 244E4I1 7838 14 19 024 2S9E-04 091 0 73 702 090 1 3E-09
2 79E09 4 90E-04 3 82E-09 2 79E09 97E0e
Mill 11810 4330 0200 9813 7130 043 210E-09 8291 1999 023 2 80E-04 090 0 79 799
094 13E-09 2 92E-09 9 29E-04 3 99E-09 249E-09 93E06
Mill 11840 3820 0339 10313 8020 044 2 91E-01 8784
19T7 023 S18E-04 089 070 873 089 1 3E09 310E-09 97aE-04 4O0E-O9 2 98E-09 4 9E-09
Mill 11140 3320 0 329 10813 8440 044 2 91E4I1 9231 1194 023 2.49E-04 080 070 873 089 13E09 3 29E-09
t12E-04 4.21E-09 2 82E-09 4 OEM
Mill lirw
11400
3820 0 343 11311 8900 044 3 I8E4I1 9704 1929 023 27SE-04 0 87 070 873 090 13E-09 347E-09 998E-04 434E-09 2 79E-09 4 3EM
Mill 3330 0 310 11813 9340 044 2 85B-01 10178 1908 022 4 13E-04 008 088 . 829
087 13E09 3 97E-09 7 00E-04 447E-09 3 09E-09 4.1E-M
Mill 11410
11640
1820 0317 12313 9830 044 3 47E4>9 10418 1482 022 4 82E-04 004 080 977 084 12E09 3S8E-09 746E-04 4 60E-09 3 39E09 39E-M
Mill 1330 03S4 12813 10320 0 49 3 94E-09 11111 14 94 022 4R0E-O4 0.04 0.58 929 081 12E-08 4 09E-00
794E-04 4 73E-09 377E-09 39EM
Mill 11190 820 0200 13313 107M 0 41 2 79E4I1 11418 14 34 022 S.21E-04 0.03 097 848 0.81 12E-09
4 31E-09 8.29E-04 310E-09 392E09 37E-M
Mill 11140 MO 0184 13433 11040 0 41 4I1E-01 11904 1419 0.21





0300 9010 2899 0 37 229E4>9 3400 23.02 0.28 •.02E-06 0.99 004 3044 093 22E-08 3 00E-09 412E-09 4.12E-09 269E-09 18E-M
I42M 0.398 9430 3180 0.37 3 77E-09 3930 22.44 0.28 O.TIE-OO 0.90 004 3044 091 2X-09
313E-09 0.94E-e8 182E-09 284E-09 13E-M
I42M 11780 8320 0.300 9930 3440 0.37 249E-09 4283 22.34 0.27 1.14E-04 0.97 0.09 3228 098 2.2E08
3 29E-09 801E-09 207E-09 2.34E09 12EM
I42M 11400 7820 0.300 4430 3780 037 2 72E-09 4443 22.04 027 1.47E-04 0.98 009 3228 0.98 2.2E-09
3.39E-09 103E-04 2 32E-09 230E-09 10EM
142M 11410 7320
4820
0.398 4930 4090 037 3 30E4I9 9037 21.70 027 1.eiE-04 0.99 070 2937 0.88 22E-09 3.92E-09 1.29E-04 230E-09 349E-0S 92E-M
M200 11300 0.398 7380 4480 0.38 3.39E-09 9447 2139 0.27 2.12E-04 0.94 070 2937 0.S4 2.2E-08
3.87E-09 1.94E-04 3.79E-08 3 39E-08 8 3EM
14300 11140 4320
5820
0.329 7880 4840 0.38 313E<09 9893 21.02 014 2.49E-04 0.93 071 2973 088 22E-08 3 02E-09 191E-04 2 72E-09 323E-00 78EM
141 SO 11030
10930
0.343 8330 9200 038 3J2E4>9 4243 20.47 0.24 2.79E*04 091 078 2794 0.91 23E09 3 97E-09
214E-04 3 26E09 2 80E-09 80E-M
141S0 9320
4820
0384 8830 9410 039 281E-09 4483 20.39 0.24 3.08E-04 0.90 078 2794 093 2.2E09 414E-09
249E-04 391E-09 2 74E-09 • 2EM
141S0 10720
10440
0.343 9330 9900 039 342E4I9 7043 20.04 0.29 S41E-04 0.09 073 2848 0.90 22e-09 430E-09 297E-04
3 76E-09 2 88E-09 97EM
141S0 4320 0.329 9830 4320 0.39 3.34E09 7490 19.72 0.29 2.72E-04 0.09 0.87 2429 0.87 22E09
447E-09 3.23E-04 3 99E-09 3 30E-09 93EM
14100
14100
10490 3830 0.300 10280 4470 0.39 3.09E-09 7873 1942 0.29 4.06E-04 0.07 087 2429 088 2.2E-09
4e8E-09 3 99E-04 4 23E-09 3 22E-09 4 9E-M
10400 3320 0.329 10780 7080 0.4 3.49E-09 8313 19.09 024 4.48E-04 0.08 082 2247 0.89 22E09 4 93E-09





7470 04 3 82E-09 8723 18.73 0.24 S.OOE-04 004 094 1997 080 2.2E-09 902E-09 447E04 4 22E-09 4 4gE-09 4 4E-M
10200 2320 0 972 7880 04 4.30E-09 9147 18.14 0.24 Se3E-04 001 049 1778 0.78
22E09 922E-09 4 96E-04 4 92E-09 903E09 4 2EM
14000 10070
9970
1820 0.499 12180 82M 0.4 7.93E-09 9940 17.90 0.23 • 42E-04 000 043 1998 0.73 2.2E-09





84M 0 41 9.90E-09 9940 17.00 0.22 7.03E-04 0.70 034 1232 088 22E-09 993E-09 991E-04 9 37E-09 9 00E-09 38E-M
13900 9880 0.101 9040 041 «.07E4>9 10400 14.90 0.22 9.4SE-04 0.74 0.24 070
0 97 22E09 9.96E-09 916E-04 244E-09 193E-04 39EM






















































































































POBSONS' C(for-*ol) AVONET vp POROSITY CUMa ♦ NORMAL K km METHOD a CUMa. a a METHOD
RATIO 1/PSI STRESS 44 * liPSI (MBANI KOn« imtf) 1 METHOD 2 RCTH003 METHOD 3 METHD4 JONESr
037 3107 21.31 0.26 essE-os OSS 000 709 30E-00 3 33E-M 107E-04 OOOE-M 302E-M 90EM
039 2 96E-09 4660 20.22 029 S.40E4M 0.91 007 731 0.79 3 OEM 4 23E-M 1.72E-04 OOOE-M 301E-M OOE-M
0.41 3001-09 6427 1906 024 1.23E-04 088 049 010 0.74 30E-M 017E-M 2 00E-M 340E-M 3.42E-M 4 OEM
0 41 341E-09 7920 17.89 022 1.70E-04 000 041 020 069 29E-M 072E-M 2.41E-04 3 04E-M 302E-M 4 3E-M
0.4 392E-09 8923 17.17 022 21SE-04 0.03 033 423 0.63 29E-M 010E-M 2 77E04 3 09E-M 4 02E-M 3 9E-M
04 3 64E-09 9197 16 92 0.21 2T0E-04 0.01 0.30 300 0.61 29E-M 0 77E-M 2.90E-O4 1.34E-M 4 01E-M 3eE-M
0.4 4 60E-09 10010 1986 0.21 mxvm 7.11E-M
041 949E-09 10333 19.43 0.20 112 1170 nxvm -OOOE-M
100 1100 1.39E-04 1.39E-04
0 9 900 1983 0.22 1.97E-08 1.00 103 1084 20EM 1.96E-04 191E-M 197E-M 10E-M
038 3193 1983 0.22 421E-05 1.00 098 1031 20E-M 1 79E-M 17SE-04 104E-M 201E-M 16E-M
039 197E-09 3607 1964 0.22 S.06E-08 009 1.02 1073 1.02 2.0E-M 101E-M 1.96E-04 210E-M 197E-M 14E-M
04 2 24E-09 4030 19.44 0.22 7.98E-0S O.SO 097 1020 099 2.0E-M 102E-M 210E04 188E-M 201E-M 12E-M
0 41 169E-09 4943 1927 0.22 S.OOE-OS 097 090 999 0.99 20EM 104E-M 237E-04 2 22E-M 202E-M 1 1E-M
0 41 212E-09 4983 19.08 021 1.17E-04 090 100 1002 1.02 2.0E-M 100E-M 2 09E-04 216E-M 197E-M 99E-M
042 1.82E-09 9900 1890 0.21 1.41E-04 0.90 1.03 1004 1.04 20E-M 1.07E-M 2.77E-04 1.76E-M 194E-M OOE-M
043 1.91E-09 6003 18.71 021 1.S1E-04 0.90 009 930 097 20E-M 100E-M 3 00E-04 2.32E-M 2 00E-M 77EM
0.43 239E-09 6403 18.93 0.21 1.73E-04 0.94 0.03 873 0.94 20E-M 1.90E-M 3 20E-04 200E-M 211E-M 70E-M
043 198E-09
1.20E-09
6940 I8J3 0.21 1.93E-04 0.94 001 002 0.93 20EM 191E-M 340E-O4 2 02E-M 213E-M 0 4E-M
043 7290 18.21 0.21 2.16E-B4 0.93 0.71 747 0.87 20EM 1.93E-M 301E-O4 2 00E-M 2 20E-M 09E-M
043 203E4>9 7747 1804 0.20 2.27E-<W 0.92 070 709 090 19E-M 194E-M 3 03E-04 2 27E-M
210E-M 04E-M
044 2.17E-09 8220 17.89 0.20 28aE-04 091 070 730 088 19E-M 196EM 4 09E-04 21SE-M 2 24E-M OOE-M
044 218E-09 8733 17.69 0.20 2.S1E-04 0.90 000 094 0.83 19EM 190E-M 4 20E-04 2 20EM 2 29E-M 4 7EM
0.44 2.17E419 9210 17.47 0.20 S.e2E-04 0.09 002 002 083 19E-M 200E-M 4 00E-04 2 28E-M 234E-M 4 4E-M
049 2.27E-09 9707 17.27 0.20 3.24E-04 0.09 0.00 031 0.82 19E-M 201E-M 4 73E-04 220E-M 237E-M 42E-M
049 2.14E-09 10217 17.08 0.20 3S2E-04 0.80 007 000 0.80 1.9EM 2 03EM 4 94E-04 214E-M 241E-M 4 OEM
0.49 2.20E4)9 10710 16.90 0.19 3.78E-04 0.97 0.47 494 0.73 1.9E-M 2.07E-M 018E-O4 2 30E-M
2 60E-M 38E-M










STUDY NO. 1 SAMPLE 2 IS USED FOR SAMPLE CALCULATION.
NET-STRESS POROSITY NORMALIZED Cf 1/PSI Cf I/PSI %
PSI S POROSITY MEASURED PREDICTED DiFFERBCE
800 162
mmm mmm
3632 13.2 1.00 2.33E-03 2.33E-03 0%
4271 130 0.99 2.29E-03 I.94E-03 19%
4381 13.0 0.99 1.76E-03 1.91E-03 -•%
4890 14.9 0.98 1.96E.03 1.66E-03 15%
3200 14.8 0.97 1.44E-03 I.44E-03 0%
3819 147 0.97 1 17E-05 1.25E-05 -0%
Net StressNet Radial - Net Axial
(Axial stress • confining pressure) - (Axial stress - pore pressure)
Calculation Procedure;
1) Plot normalized porosity vs. net stress.
2) Best fit the data with a power law equation
Y^aX'^
Y = 22.25 (X)'^^ 0472
where b is the power exponent, Y = porosity, andX = Net Stress.
b= -0.0472
-1/b- 21.19
3) Calculate pore volume ccxnpressibility, (2 4890 psi
cf 1/psi (predicted) = cfi * (pwosity )'^ (-1/b)
cf (4890) = 2.53E-6*(0 98)^^21 1.65E-06 1/psi
y = 22.257x
246.05 ̂














STUDY NO. 2, SAMPLE 14915.5 IS USED FOR SAMPLE CALCULATION.
NET STRESS POROSITY cf 1/psi cf 1/psi %
PSI % MEASURED PREDICTED DIFFERENCE
3158 26.8 160E-05 1.56E-05 40%
3658 26.5 150E-05 1.72E-05 31%
4158 26.3 126E-05 1.88E-05 17%
7357 24.9 158E-05 199E-05 -16%
7823 24.6 191E-05 3.16E-05 -9%
8270 24.4 3.26E-05 3.32E-05 -2%
8703 24.1 3.01E^ 3.49E-05 -16%
9130 23.8 3.36E-0S 3.67E-05 -9%
9563 23.5 3.42E-05 3.83E-05 -12%
9963 23.2 3.48E-05 4.0QE-05 -15%
10357 22.9 3.54E-05 4.16E-05 -18%
10723 216 6.14E-05 4.31E-05 30%
11030 22.0 7.03E-05 4.44E-05 37%
Calculation Procedure:
1) Plot porosity vs. net stress
2) For consolidated sand, a power law equation best fit the data, and for unconscrfiadted
sand, a potynomial equation is more representitive.
Usually three or four porosity points are enoi^ to establish the potynomial equatkm.
Y = aX^2 + bX + c
Y= -4E-8X'^2 + 2E-5X + 27.022
where Y - porosity, and X = net stress.
3) Calculate pore compressibility.
Predicted cf = -<f-l Vf * d(-f(f-1 )Vdp
r

















STUDY NO. 4. SAMPLE 2-KISR IS USED PGR SAMPLE CALCULATION.
4etStres^Rosm (ri-F)/Fi 1 cf 1/psi ccf 1/psi ccf 1/psi cf 1/psi % cf % ccf 1
psi (F) % MEASUREI MEASURED PREDICTEDPREDICTEI)IFFERENC
DIFFERENCE
2855 0.267 0.00 3.03E-05 3.03E-05 3.00E-05 3.00E-05 \%
1%
5180 0.263 0.01 3.50E-05 6.53E-05 6.15E-05 3.15E-05 10%
6%
5640 0.261 0.02 2.54E-05 9.07E-05 9.37E-05 3.22E-05 -27%
-3%
6140 0.258 003 2.74E-05 1.18E-04 1.27E-04 3.34E^5 -22%
-8%
6640 0.255 0.04 3.31E-05 1.51E-04 1.62E-04 3.45E-05 -4%
-7%
7100 0.252 0.06 3.72E-05 1.88E-04 1.97E-04 3.56E-05 4%
-5%
7580 0.248 0.07 3.43E-05 2.23E-04 2.34E-04 3.71E-05 -8%
-5%
8080 0.236 0.12 3.11E-05 2.54E-04 2.76E-04 4.16E-05 -34%
-9%
8560 0.243 0.09 3.34E-05 2.87E-04 3.15E-04 3.90E-05 -17%
-10%
9030 0.239 0.10 3.60E-05 3.23E-04 3.55E-04 4.05E-05 -12% -10*/Q
9530 0.236 0.12 3.86E-05 3.62E-04 3.97E-04 4.16E-05 -8% -10%
10000 0.232 0.13 3.94E-05 4.01E-04 4.40E-04 4.31E-05 -9% -10%
10480 0.229 0.14 3.82E-05 4.39E-04 4.84E-04 4.42E-05 -16% -10%
10980 0.225 0.16 4.30E^5 4.82E-04 5.30E-04 4.57E-05 -6% -10%
11480 0.222 0.17 3.98E-05 5.22E-04 5.77E-04 4.69E-05 -18% -10%
11930 0.218 0.18 4.06E-05 5.63E-04 6.25E-04 4.84E-05 -19% -11%
12430 0.215 0.19 4.58E-05 6.09E-04 6.75E-04 4.95E-05 -8% -11%
12930 0.209 0.22 6.29E-05 6.72E-04 7.27E-04 5.17E-05 18% -8%
13200 0.207 0.22 5.38E-05 7.25E-04 7.79E-04 5.25E-05 2%
-7%
Calculation Procedure:
1) Calculate the void ratio from porosity
voidratio-
2) Piot void ratio va three or more points of the cumulative compresaibility
3) Fit the data with strai^t line equation Y = mX ̂ b
Equation of taie Y = O.OOOIX 3E-5 where Y= ccf and X void ratio
4) Calculate cumulative pore vohnne compressibihty (ccf) for values at higher stress
porosity at higher stress can be obtamed from power law equatioa
as discussed earlier
ccf = O.OOOKvoid ratio) 3E-5 @ 5640 psi
ccf-0.0001•0.02*3E-5 ̂ 3 22E-05
cf from ccf.
ccf ( 2885) = 3 OOE-05 1/psi
ccf (5180)= 6 15E-05 1/pai
ccf ( 5640) = 9.37E-05 l/psi
cf(2885) -
cf(5180) -ccfr5180)-ccft2885)-


































STUDY NO. 2, SAMPLE 14916.5 IS USED FOR SAMPLE CALCULATION.
Net Stress Jm cf l/psi cf l/psi %
psi MEASUraD PREDICTED DIFFERENCE
3463 1.01 3.03E-05 2.97E-05 2®/o
3857 0.96 3.50E-05 3.11E-05 12%
4280 0.92 2.54E-05 3.20E-05 -21%
4703 0.92 2.74E-05 3.21E-05 -15%
5080 0.87 3.31E-05 3.37E-05 -2%
5500 0.90 3.71E-05 3.28E-05 13%
5913 0.87 3.43E-05 3.36E-05 2%
6333 0.85 3.11E-05 3.43E-05 -9%
6747 0.83 3.34E-05 3.50E-05 -5%
7170 0.82 3.60E-05 3.51E-05 2%
7603 0.81 3.86E-05 3.56E-05 8%
8053 0.73 3.94E-05 3.85E-05 2%
8477 0.71 3.83E-05 3.96E-05 -3%
8900 0.66 4.30E-05 4.19E-05 3%
9360 0.64 3.98E-05 4.30E-05 -7®/b
9775 0.58 4.06E-05 4.68E-05 -13%
10213 0.54 4.58E-05 4.97E-05 -8%
10650 0.49 6.29E-05 5.38E-05 17%
10907 0.46 5.38E-05 5.66E-05 -5%








3) Plot Jm vs. pore compressibilit>'
Usually three or more compressibility points are recommended to
plot against Jm.
4) Fit the data with a power law equation
Y = aX'^b
Y=3E-5*X'^(-0.812)








2.E-05 J y = 3E-05x"^'
1.E-05 -
U.C^UU "
040 0.50 0.60 0.70 0.80 0.90 1.00 1.10
Ja
5) From the power law equation, compressibility data can be smoothed,
and values at higher stress can be predicted. Only four coiiq>ressibility



















STUDY NO. 1, SAMPLE 2 IS USED FOR SAMPLE CALOJLAllGNS







2.89 0.70 1920 2.53E-05 236E4S
-1%
2.85 0.76 2.888 2.29E-05 214E4S
7*
2.85 0.78 2.889 1.76E-05 1.9flE-0S
•10%
2.83 0.80 2873 1.96E-05 1.79&OS
9%
2.81 0.82 28S6 1.44E-05 1.6SE^
-12%
2.79 0.86 2842 1.17B-05 1.39&OS
-16%
Calculation Procedure:
DPlot Vp(l+C»rti») VI. l-«xp(-strB/3000) in a semi-log plot, utec rtra =
2) Calculate the slope of the line a^
net stress
av = -(SLOPE = -0.2292) = 0.2292
3) Calculate pore compressihility fiom Jane' @4890psi
cf = (av*EXP(-STRS/3000)]/3000 + 3E-6/(l + STRS^3E-6)
cf (4890) =( 0.2292^cxp(-4890/3000)y3000 + 3E-6/(l+ 4890 • 3E-6)
cf(4890) = 1.79E-05
i  SLOPE--0.2292
000 010 OJO OJO 9M 0.70 OJO OJO
NIT STRESS PSI
